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POLYS I LOXANE- POLYARYLESTER  BLOCK  COPOLYMERS: 
SYNTHESIS  AND  CHARACTERIZATION 


(ABSTRACT) 

Passive  damping  has  bean  defined  as  a  key  element  in 
vibration  control.  It  is  believed  that  the  approach  to  pas¬ 
sive  damping  could  be  addressed  through  the  use  of  carefully 
designed  viscoelastic  polymeric  materials.  This  disserta¬ 
tion  describes  the  synthesis  and  characterization  of  multi¬ 
phase,  transparent  block  copolymers  that  are  potential  can¬ 
didates  for  passive  damping  applications  in  large  space 
structures . 

Relatively  high  molecular  weight  polysiloxane-polyaryl- 
ester  block  copolymers  were  prepared  by  two  different  syn¬ 
thetic  routes.  A  solution  technique  was  used  to  synthesize 
well-defined,  perfectly  alternating  block  copolymers  by 
reacting  a  difunctional  si lylamine- terminated  siloxane  oli¬ 
gomer  with  a  difunctional  hydroxyl-terminated  polyarylester 
oligomer.  A  second  approach  involved  the  preparation  of  a 
segmented  (or  random)  block  copolymer  by  an  interfacial, 
phase-transfer  technique  in  which  various  polyarylester 


block  lengths  are  formed  during  the  copolymerization  by 


reacting  bisphenol-A(  terephthaloyl  chloride,  and  isophtha- 


loyl  chloride  with  a  difunctional  aminopropyl- terminated 


siloxane  oligomer.  To  vary  the  miscibility  of  the  siloxane 


and  ester  phases,  and  in  turn  the  physical  properties  of  the 


block  copolymers,  the  block  molecular  weights  and  the  silox¬ 


ane  block  compositions  (dimethyl,  dimethyl -diphenyl,  or 


dimethyl-trif luoropropylmethyl )  were  controlled. 


Structure  analysis  by  NMR  (proton  and  silicon)  and  FTIR 


verified  that  the  desired  starting  oligomers  and  block  copo¬ 


lymers  were  successfully  prepared.  Intrinsic  viscosity 


measurements,  size  exclusion  chromatography,  and  the  fact 


that  tough  transparent  films  could  be  solution  cast  and  com¬ 


pression  molded  indicated  that  relatively  high  molecular 


weight  materials  were  prepared. 


Due  to  the  high  degree  of  incompatibility  of  the  "soft" 


siloxane  segments  and  the  "hard"  ester  segments  in  the  block 


polymers,  a  two-phase  micro structure  developed  at  relatively 


low  block  molecular  weights.  In  addition  to  microphase  sep¬ 


aration,  partial  phase  mixing  was  apparent  from  thermal. 


mechanical,  and  microscopic  characterization  techniques. 


Compared  to  a  polyarylester  homopolymer,  the  siloxane  modi¬ 


fied  polyarylester  block  polymers  displayed  improved  resis¬ 


tance  to  atomic  oxygen  degradation  as  seen  from  x-ray  pho- 
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toelectron  spectroscopy  and  scanning  electron  microscopy. 
All  physical  properties  were  found  to  be  dependent  upon 
siloxane  block  composition  and  copolymer  block  molecular 
weights. 

In  conclusion,  new  siloxane-ester  block  copolymers  were 
prepared  and  characterized.  They  are  believed  to  be  poten¬ 
tially  useful  materials  for  passive  damping  applications  in 
the  space  environment. 
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Chapter  I 
INTRODUCTION 

1.1  OBJECTIVES 

The  use  of  large  precision  space  structures  (LPSS)  for 
navigation,  weather  forecasting,  and  coramuni cations  is  sig- 
nificantly  increasing.  A  new  domain  in  spacecraft  configu¬ 
ration  brought  on  by  the  Space  Shuttle  has  dictated  a  tran¬ 
sition  in  vibration  control  strategy.  Traditional  methods 
of  active  control  do  not  effectively  accommodate  the  excess 
of  very  low  frequency,  closely  spaced  vibration  modes  inher¬ 
ent  in  LPSS. 

Passive  damping  has  recently  been  identified  as  a  key 
element  in  vibration  control.  Though  it  is  believed  that 
the  approach  to  passive  damping  could  be  addressed  through 
the  use  of  carefully  designed  viscoelastic  polymeric  materi¬ 
als,  little  work  has  been  done  in  this  area  [106].  The 
research  reported  in  this  dissertation  is  multidisciplinary 
in  nature  and  includes  the  synthesis  and  characterization  of 
ductile,  multiphase,  transparent  block  copolymers  that  are 
potential  materials  for  passive  damping  applications  in 
large  space  structures. 
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1.2  MATERIAL  CRITERIA 

In  general,  there  are  several  properties  that  must  be 
addressed  in  a  material  to  be  used  for  vibration  control  in 
large  space  structures.  These  include  low  creep,  relatively 
low  density,  low  outgassing  characteristics,  and  adequate 
mechanical  properties.  Since  these  space  structures  should 
have  lifetimes  greater  than  five  years,  it  is  also  important 
that  damping  materials  be  able  to  survive  long  term  exposure 
in  the  space  environment.  Therefore,  potential  damping 
materials  should  be  resistant  to  ultraviolet  and  high  energy 
radiation,  as  well  as  atomic  oxygen  degradation  [109]. 

One  material  that  is  suggested  by  the  above  require¬ 
ments  is  siloxane  modified  polyarylesters.  The  aromatic 
polyesters  are  a  relatively  new  class  of  engineering  thermo¬ 
plastic  that  shows  good  mechanical  behavior.  The  Fries 
rearrangement  of  polyarylesters  may  possibly  be  utilized  to 
dissipate  absorbed  ultraviolet  energy  from  polymeric  struc¬ 
tures  since  it  does  not  result  in  chain  scission.  Rather, 
it  leads  to  the  formation  of  an  ortho-hydroxybenzophenone 
structure  that  may  further  stabilize  the  polymer  against 
photolytic  degradation  [52,53]. 

The  incorporation  of  polysiloxane  blocks  in  these  types 
of  polyarylesters  offers  an  opportunity  for  many  improve¬ 
ments  such  as  lower  temperatures  for  the  ductile-to-brittle 
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transitions  and  improved  impact  strength.  The  polysiloxanes 
display  a  unique  combination  of  properties  such  as  low  glass 
transition  temperature,  hydrophobicity,  thermal  stability, 
high  gas  permeability,  a  wide  temperature  use  range,  and 
good  ultraviolet  resistance  [1,12].  In  addition,  polysilox¬ 
anes  have  a  lower  surface  energy  than  most  other  materials 
and,  therefore,  tend  to  predominate  on  the  surface  of  mater¬ 
ials,  even  if  it  is  a  component  of  a  microphase  separated 
copolymer  system  [64,135-137].  Thus,  siloxanes  can  be  used 
for  surface  modification  of  engineering  thermoplastics  while 
retaining  much  of  their  bulk  properties.  Such  surface  modi¬ 
fication  may  lead  to  improved  lubricity  and  better  resis¬ 
tance  to  atomic  oxygen  [ 133  ]  . 

In  the  literature  review  that  follows.  Chapter  2,  a 
more  detailed  discussion  of  the  synthesis,  structure-prop¬ 
erty  relationships,  and  applications  of  polysiloxanes, 
polyesters,  and  block  copolymers  is  presented.  Chapter  2 
also  provides  a  brief  overview  of  passive  damping  and  atomic 
oxygen  degradation,  two  areas  of  importance  to  this  work. 
Chapter  3  discusses  the  experimental  methods,  both  synthetic 
and  analytical,  used  in  this  research.  A  discussion  of  the 
experimental  results  are  presented  in  Chapter  4,  followed  by 
conclusions,  future  work,  and  references. 


Chapter  II 
LITERATURE  REVIEW 

2.1  POLYORGANOS I LOXANES 

2.1.1  Overview 

Polyorganosiloxanes  are  unique  among  the  commercially 
important  polymers,  both  in  basic  chemistry  and  in  variety 
of  industrial  applications.  Elastomers  based  on  polyorgano¬ 
siloxanes  are  considered  to  be  in  the  family  of  specialty 
elastomers  because  of  their  ability  to  perform  in  extreme 
environment  situations.  This  would  include  service  at  rela¬ 
tively  high  temperatures  or  at  very  low  temperatures,  where 
the  conventional  organic  elastomers  are  either  oxidatively 
degraded  or  too  stiff  to  be  usable. 

Polyorganosiloxanes  are  characterized  by  a  repeating 
silicon-oxygen  backbone  with  two  organic  substituents 
attached  to  the  silicon  atoms  by  silicon-carbon  bonds.  The 
generalized  structure  of  the  polyarganosiloxane  chain  can  be 
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where  R  and  R*  can  be  alkyl,  haloalkyl,  vinyl  or  phenyl. 
The  properties  of  silicone  products  depend  to  a  considerable 
extent  on  the  type  of  organic  substituents  on  the  silicon 
atoms  and  on  the  molecular  structure  of  the  polymer  chains. 
The  properties  listed  in  Table  1  are  characteristic  and  have 
determined  the  field  of  application  for  polydimethylsiloxane 
and  polymethylphenylsiloxane,  which  have  become  the  "classi- 
cal"  products  of  silicone  chemistry  and  make  up  the  bulk  of 
technical  products.  In  order  to  appreciate  the  unique  prop¬ 
erties  of  polyorganosiloxanes,  a  knowledge  of  their  molecu¬ 
lar  structure,  bond  strengths,  and  physiochemical  behavior 
is  necessary.  A  brief  and  rather  general  discussion  of  the 
molecular  properties  which  determine  the  bulk  characteris¬ 
tics  of  the  polyorganosiloxanes  is  addressed  in  the  follow¬ 
ing  section.  More  detailed  discussions  are  available  in 
various  books  [1-6]  and  reviews  [7-10]. 

2.1.2  Structure-Property  Relationships 
2. 1.2.1  Bond  Angles  and  Rotational  Barriers 

The  most  common  organosilicon  materials  are  those  com¬ 
posed  of  dimethyl  substituted  polysiloxanes.  The  polydi¬ 
methylsiloxane  chain  is  represented  in  Figure  1.  These 
materials  exhibit  a  very  low  glass  transition  temperature 
(Tg)  of  -123°C  which  is  attributable  to  the  weak  intermo- 
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TABLE  1 

Physical  Characteristics  of  Siloxanes 


Low  surface  energy 
High  compressibility 
Biological  inertness 
Atomic  oxygen  resistance 
Low  temperature  flexibility 
Low  polarity  (hydrophobicity ) 

Thermal  and  oxidative  stability 
Ultraviolet  radiation  resistance 
High  permeability  to  small  molecules 
Low  viscosity  for  a  given  molecular  weight 
Minimum  change  in  viscosity  with  temperature 
Broad  service  temperature  range  due  to  low  Tg 


0  0 
/  v  c?  v 

Me  Me  Me  Me 


olvdimethylsi loxane  segments  [7; 


t*  •  « 
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lecular  attractions  between  the  polymer  chains.  This  is 
related  to  the  large  degree  of  freedom  of  motion  possible  in 
the  polysiloxane  chains  because  of  free  rotation  about  the 
Si-0  and  Si-C  axes.  The  Si-O-Si  bond  angle  has  a  reported 
value  of  144° ,  while  the  C-Si-C  bond  angle  has  a  value  of 
111°  [7],  The  rotational  barriers  of  the  bonds  in  polydi- 
methylsi loxane  chains  are  compared  to  those  of  organic  poly¬ 
mers  in  Table  2  [7],  It  is  evident  that  the  rotational  bar¬ 
riers  are  much  lower  in  polysi loxanes  than  in  organic  poly¬ 
mers  which  leads  to  larger  intermolecular  distances  and 
weaker  intermolecular  forces  between  siloxane  chains.  This 
not  only  implies  a  low  Tg,  but  also  relatively  high  gas 
permeability. 

2 . 1 . 2 . 2  Bond  Types  and  Strength 

The  polysiloxanes  are  well-known  for  their  high  thermal 
and  oxidative  stability.  This  property  is  derived  from  the 
high  Si-0  bond  strength  which  is  23  kcal  higher  than  that  of 
the  C-C  bond  as  is  shown  in  Table  3  [10).  The  unique  bond¬ 
ing  nature  of  the  Si-0  bond  is  responsible  for  the  high  bond 
energy.  Two  types  of  bonding  form  the  Si-0  bond:  (1)  a  o 
type  of  bonding  occurs  between  the  hybridized  s  and  p  elec¬ 
trons  of  the  silicon  atom  with  the  p  electrons  of  the  oxygen 
and  (2)  an  type  of  bonding  which  results  from  the  combina- 
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TABLE  2 

Silicon  and  Carbon  Bond  Rotational  Barriars  [7 


Bond 


Energy  (kJ/mole) 


Si  -  0 

<  0.8 

C  -  0 

11.3 

Si  -  ch3 

6.7 

c  -  ch3 

15.1 

TAJ LI  3 

:::r.  «.r.d  _*rscn  lend  Er.«r?^«a 

*C*« 

•« 

93 
*6 
'6 
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tier.  of  the  oxygen  unshared  p  •i«ctron«  and  the  unfilled  3d 
:rc;t».»  1  In  addition  to  strengthening  tha  Si-0  bond , 

* r. .  ■  ^nuaua-  p*-o*  interaction  shortens  the  Si-C  bond  length 
wh.ch  has  s  reported  va.-ae  of  1  63A  This  value  is  substan- 
*  .  a . .  /  sea.  .er  the  1  83A  sue  of  the  atosic  radii  (1.1?A 

s i.i-' on  and  .  -ci  for  osygen!  2. 

.  .  .  i  Ionic  Character 

The  pc.ar  nature  of  the  Si-C  bond  a . so  contributes  to 
tr.e  in.r.neii  i  the  oend  The  ionic  character  of  this  bond 
~aa  oeer.  est. mated  to  oe  ionic  2;.  with  silicon  being 

*ne  pcs.tive  aeete r  The  si.oxane  bond  also  has  a  high  heat 
:i  formation  .38  xca.  sc.ei  and  is  very  resistant  to  hoeo- 
.  t . :  i.eavage  This  a.ong  with  the  fact  that  these  sol- 
»  ic  net  ronta.r.  douc.e  bonds  renders  thee  generally 

-ea.atar.t  to  ox. dative  degradation  However  siloxanes  are 
a-ac  ept .  c .  e  *o  neterc.ytic  c.eavage  (attack  by  acids  and 
oaaea  lue  *o  the  mgh.y  ionic  character  of  the  siloxane 

The  5.-3  oond  la  a.ight.y  ionic  > 1 2X )  again  with  sili- 
re.r.g  the  oca.tive  aasoer  The  heat  of  formation  is 

*r  *  ■*  <:».  *:.e  ano  depending  ipon  the  substituents  on 

r.e  arrer.  t.ne  5.-3  Dcnd  say  or  *ay  not  be  susceptible  to 
ne'er-..'.-  . eavage  For  exaxp.e  chi oromethy 1 .  cyano- 
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methyl  or  even  phenyl  group*  ar*  more  easily  cleaved  from 
silicon  by  water,  acids,  or  bases  than  are  methyl  groups 
[2].  For  comparative  purposes,  the  bond  lengths  and  ionic 
character  of  various  silicon  and  carbon  bonds  are  listed  in 
Table  4  [8]  . 

2. 1.2.4  Molecular  Structure 

Many  physical  properties  of  the  polyorganosiloxanes  are 
explained  on  the  basis  of  a  flexible  helical  structure  for 
linear  polysiloxane  molecules.  The  twisting  of  the  siloxane 
molecule  into  a  spiral  is  explained  by  the  tendency  of  the 
Si-0  dipoles  to  undergo  intramolecular  compensation  due  to 
the  fact  that  a  dipole  with  a  different  0-Si  orientation 
corresponds  to  each  Si-0  dipole.  The  intramolecular  compen¬ 
sation  of  the  individual  dipoles  is  confirmed  by  the  small 
change  in  the  dipole  moment  with  an  increase  in  the  molecu¬ 
lar  weight  of  the  polyorganosiloxanes.  The  helical  struc¬ 
ture  consists  of  a  coil  of  Si-0  bonds  (6  to  7  per  turn) 
which  forms  the  polymer  backbone  around  which  the  organic 
substituents  protrude  outwards  [2].  If  the  polar  Si-0  back¬ 
bone  was  not  surrounded  by  the  hydrophobic  organic  substit¬ 
uents,  polysiloxanes  would  be  expected  to  be  more  polar  and 
exhibit  higher  intermolecular  forces.  However,  the  shield¬ 
ing  effect  of  the  organic  substituents  renders  the  polyorga- 


TABLE  4 


Silicon  and  Carbon  Bond  Lengths  and  Polar  Character  [8] 


Bond 


Length  (A) 


Calculated 
Ionic  Character  (%) 


Si-0 


1.63 


Si-C 


1.88 


Si-H 


1.47 


1.42 


1.52 


1.07 


nosiloxanes  hydrophobic.  Physical  properties  such  as  com¬ 
pressibility,  hydrophobicity,  and  weak  intermolecular  forces 
are  explained  by  the  helical  structure  of  these  molecules 
[7]. 

The  relatively  small  change  in  viscosity  with  tempera¬ 
ture  is  also  explained  on  the  basis  of  a  flexible  helical 
structure  for  linear  molecules.  When  the  temperature  rises 
the  helix  tends  to  relax,  resulting  in  an  increasing  molecu¬ 
lar  size  which  compensates  for  the  normal  increase  in  molec¬ 
ular  mobility.  Therefore,  the  viscosity  of  a  simple  methyl 
silicone  fluid  changes  relatively  little  with  temperature. 

2. 1.2.5  Surface  Activity 

The  surface  activity  of  the  polysiloxanes  can  be 
attributed  to  their  highly  non-polar  nature  and  weak  inter¬ 
molecular  forces.  Surface  tensions  range  from  15  dyne/cm 
for  hexamethyldisiloxane  to  22  dyne/cm  for  high  molecular 
weight  silicone  oils  [7].  Due  to  its  low  surface  energy  and 
non-polar  character,  the  siloxane  component  of  a  phase  sepa¬ 
rated  copolymer  or  blend  generally  tends  to  migrate  to  the 
air-polymer  interface  of  a  solution  cast  film  and  provides  a 
siloxane-rich  surface  to  the  polymer  film.  The  tendency  for 
surface  migration  depends  upon  the  polarity  at  the  inter¬ 
face.  For  example,  if  the  surface  of  a  si  loxane-contaming 


polymer  is  exposed  to  s  polar  atmosphere  (e.g.,  high  rela¬ 
tive  humidity),  the  non-polar  polysiloxanes  will  tend  to 
reside  in  the  bulk  of  the  polymer  instead  of  migrating  to 
the  polymer  surface. 

2. 1.2. 6  Effect  of  Substitution 

Alkyl  Substituents 

As  previously  mentioned,  the  properties  of  silicone 
products  depend  to  a  considerable  extent  on  the  type  of  sub¬ 
stituents  on  the  silicon  atoms  of  a  polysiloxane  backbone. 
Polydimethyl si loxane  has  found  important  commercial  applica¬ 
tions,  and  groups  other  than  methyl  are  generally  substi¬ 
tuted  for  particular  property  enhancements  [9).  For  exam¬ 
ple,  substitution  of  the  methyl  groups  by  higher  alkyls 
generally  results  in  a  material  with  improved  lubricity  and 
better  compatibility  with  organic  compounds.  However, 
higher  alkyl  substitution  also  leads  to  reduced  thermal  and 
oxidative  stability  due  to  the  lower  stability  of  the  C-C 
bonds . 

Phenyl  Substituents 

Due  to  the  inherent  stability  of  aromatic  rings,  the 
thermal  and  oxidative  stability  of  diphenyl  substituted 
polysiloxanes  (1.)  it  significantly  improved  relative  to 
other  substituents.  The  phenyl  groups  bring  about  a 
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strengthening  of  the  siloxane  bond  by  increasing  di-pi  bond 
contributions . 


Typically,  a  few  diphenyl  units  are  incorporated  into  a 
polydimethylsiloxane  chain  to  enhance  low  temperature  flexi¬ 
bility  by  disrupting  the  symmetry  and  the  crystallinity  of 
the  methyl  sequences.  An  increase  in  the  glass  transition 
temperature  and  viscosity  are  observed  since  molecular 
motions  are  restricted  by  the  large,  bulky  phenyl  groups. 
It  should  be  noted  that  incorporation  of  too  many  phenyl 
groups  may  cause  some  adverse  effects  due  to  the  crystallin¬ 
ity  of  long  phenyl  sequences. 

The  polarity  of  the  Si-C  bond  is  increased  by  phenyl 
substituents  due  to  the  drain-off  of  the  electronic  charge 
through  resonance.  This  increases  the  susceptibility  of 
heterolytic  cleavage  of  the  Si-C  bond  by  acids  and  bases. 
The  increase  in  polarity  also  enhances  intermolecular 


■  attractions  which  in  turn  leads  to  a  higher  solubility 
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tuted  siloxanes,  the  solubility  parameters  are  7.5,  9.0  and 
3  1/2 

9.5  (cal/cm  )  '  ,  respectively  [7,11].  With  increasing 
solubility  parameter,  the  miscibility  of  polysiloxanes  with 
polar  organic  polymers  is  improved. 


Trif luoropropylmethyl  Substituents 

One  of  the  outstanding  properties  of  trif luoropropyl¬ 
methyl  substituted  polysiloxanes  (2J  is  their  excellent 
resistance  to  degradation  at  elevated  temperatures  in  hydro¬ 
carbon  fuels,  oils  and  hydraulic  fluids  [13,14]. 

Si  -  0*f- 

I 

CEL 

I 

CEL 


2 

l2 


LCF3 
(2.) 


An  increase  in  the  glass  transition  temperature,  solubility 
parameter,  and  viscosity  are  due  to  the  presence  of  the 
bulky  trif luoropropyl  substituents.  The  high  polarity  of 
these  groups  creates  a  dipole  moment  across  the  C-Si-C 
bonds.  This  increases  the  intermolecular  forces  between 
polymer  chains  and,  hence,  results  in  a  higher  solubility 
parameter  relative  to  polydimethylsi loxane .  From  swelling 


18 


experiments,  the  solubility  parameters  of  poly-(trifluoro- 

propylmethyl ) siloxane  and  polydimethylsiloxane  have  been 

3  1/2 

determined  to  be  9.6  and  7.5  (cal/cm  )  '  ,  respectively 
[9,12].  Due  to  an  increase  in  the  solubility  parameter  and 
intermolecular  forces  between  polymer  chains,  the  activation 
energy  for  viscous  flow  also  increases.  This  leads  to  a 
larger  dependence  of  viscosity  on  temperature  for  trifluoro- 
propylmethyl  substituents  relative  to  dimethyl  substituents 
[11]  . 

The  thermal  and  oxidative  stability  of  trif luoropropyl- 
methyl  substituted  polysiloxanes  is  lower  than  polydimethyl¬ 
siloxane.  This  is  likely  due  to  the  fact  that  the  polar 
Si-C  bond  of  the  trif  luoropropyl  group  is  more  easily 
cleaved  than  the  Si-C  bond  of  the  methyl  substituent.  Ther¬ 
mal  degradation  in  an  inert  atmosphere  involves  the  intermo¬ 
lecular  reaction  shown  below: 

7si^ 

The  intramolecular  transfer  of  a  fluorine  atom  from  the  CF3 
group  to  the  Si  atom  is  accompanied  by  elimination  of 
1, 1-difluoropropylene,  a  gaseous  product  [15]. 


:Si  -  F  +  CH3CH  =  CF2 


2. 1.2.7  Applications  of  Polysiloxanes 

The  diverse  applications  of  the  silicones  can  easily  be 
understood  when  their  unique  properties,  as  briefly  dis¬ 
cussed  above,  are  considered.  Various  branches  of  industry 
have  shown  quite  am  interest  in  silicone  fluids,  elastomers, 
and  resins  because  of  their  heat  resistance,  low  temperature 
stability,  low  variation  of  physical  properties  with  temper¬ 
ature,  good  electrical  behavior,  weather  resistance,  surface 
activity,  and  physiological  inertness.  A  broad  overview  of 
the  general  applications  of  the  technical  silicone  products 
is  discussed  below.  More  extensive  reviews  are  found  in 
various  references  [1,7-9,32-34]. 

The  silicone  fluids  are  linear,  relatively  low  molecu¬ 
lar  weight  materials  which  exhibit  very  low  mechanical 
strength  at  room  temperature  due  to  their  subambient  glass 
transition  temperature.  Products  derived  from  silicone  flu¬ 
ids  include  greases,  lubricants,  hydraulic  fluids,  surfac¬ 
tants,  and  antifoam  agents. 

To  enhance  their  mechanical  strength  for  engineering 
applications,  the  silicones  are  generally  crosslinked  and 
often  reinforced  with  fillers.  Silicone  elastomers  are  used 
in  such  applications  as  adhesives,  sealants,  gaskets,  encap- 
sulants,  and  protective  coatings.  The  more  highly  cross- 
linked  systems,  the  silicone  resins,  are  typically  used  in 
surface  coatings  and  glass  fiber  laminates. 
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Synthesis  of  Polyorganosiloxanes 


There  are  a  variety  of  routes  available  for  the  synthe¬ 


sis  of  linear,  high  molecular  weight  polyorganosiloxanes 


[1,7].  These  synthetic  routes  include:  (1)  hydrolytic  pro¬ 


cesses  based  on  the  hydrolysis  of  organohalosilane3  or  or- 


ganoalkoxysi lanes,  (2)  redistribution  reactions  involving 


the  anionic  or  cationic  polymerization  of  cyclic  monomers  or 


low  molecular  weight  species,  (3)  non-hydro lytic  processes 


based  on  reaction  of  organohalosi lanes  or  organoalkoxy si¬ 


lanes  with  alcohols  or  acids,  (4)  Anionic  polymerization  of 


the  cyclic  siloxane  trimer  (D^)  using  organo lithium  initia¬ 


tors,  and  (5)  thermal  polymerizations.  Of  these  processes. 


the  first  two  are  commercially  important.  Only  the  second 


process,  redistribution,  was  used  to  prepare  the  linear. 


functionally- terminated  polyorganosiloxanes  used  in  this 


research.  Consequently,  a  discussion  of  this  process  will 


be  reviewed  herein.  A  brief  overview  of  monomer  synthesis 


will  be  presented  next  and  is  followed  by  a  discussion  of 


redistribution  processes. 


2.1.3. 1  Monomer  Synthesis 


Organoha 1 o  s i 1 ane  s 


In  the  1930's,  E.  G.  Rochow  at  General  Electric  and  R. 


Muller  in  Germany  independently  discovered  what  is  known  as 


the  "direct  process"  [16,17]  which  pioneered  an  industry  via 
the  economical  manufacture  of  the  family  of  organohalosi- 
lanes  necessary  for  siloxane  production.  Controlled  hydrol¬ 
ysis  of  organohalosi lanes  then  provided  the  cyclic  trimers 
and  tetramers  used  for  polymerization. 

The  "direct  process"  involves  the  reaction  of  organic 
halides,  such  as  methyl  chloride  or  chlorobenzene,  with  sil¬ 
icon  or  silicon  alloys  in  a  gas-solid  reaction.  Scheme  1 
illustrates  the  various  types  of  reactions  that  occur  during 
this  process.  A  complex  mixture  of  products  is  obtained  and 
include  various  organohalosi lanes,  tetraalkylsi lanes,  orga- 
no-H-halosi lanes,  silicon  tetrachloride,  and  small  amounts 
of  hydrocarbons.  The  composition  of  the  product  mixture  can 
be  modified  by  such  parameters  as  the  choice  of  suitable 
catalysts,  controlling  the  temperature,  or  the  use  of  dil¬ 
uent  gases.  Generally,  the  silane  monomers  can  be  separated 
by  vacuum  distillation  with  the  organohalosi lane  being  the 
predominant  product  of  the  reaction. 

Different  mechanisms  have  been  proposed  for  this  pro¬ 
cess.  One  involves  a  free  radical  process  [18]  and  the  sec¬ 
ond  involves  the  adsorption  of  methyl  chloride  on  a  polar 
Si-Cu  alloy  active  surface  area  [1].  General  reaction 
schemes  for  the  synthesis  of  dimethyldichlorosilane  and 
diphenyldichlorosilane  are  shown  in  Schemes  2  and  3,  respec¬ 
tively. 


Scheme  1 


Reactions  Involved  in  the  Direct  Process 
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Scheme  2 

Synthesis  of  Diaethyldichlorosilane 
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Schsms  5 

Hydrolysis  of  Dimsthyldichlorosilans 
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which  reduces  the  concentration  of  chlorosilanes  in  the 
aqueous  phase.  Therefore,  upon  hydrolysis,  the  chlorosi¬ 
lanes  have  a  greater  tendency  to  undergo  intramolecular, 
rather  than  intermolecular ,  condensation. 

The  cyclic  diphenyl  tetrasier  (D^")  and  the  cyclic  tri- 
f luoropropy Imethy 1  trimer  ( )  are  synthesized  by  similar 


proc« 


The  hydrolysis  of  diphenyldichlorosilane  and 


trif luoropropy lmethyldichlorosi lane  are  illustrated  in 

Schemes  7  and  8,  respectively. 


2. 1.3.2  Polymerization  of  Cyclosiloxanes 

General  Overview 

Cycloorganosiloxanes  are  the  principal  intermediate  for 
the  formation  of  high  molecular  weight  polyorganosiloxanes. 
The  ring-opening  reaction  can  be  initiated  through  the  use 
of  suitable  basic  or  acidic  catalysts.  The  transformation 
of  cyclosiloxanes  into  linear  polymer  chains  is  an  equilib¬ 
rium  process  characterized  by  a  very  low  heat  of  polymeriza¬ 
tion.  At  equilibrium  conversions  one  produces  12-15%  of 
cyclic  oligomers,  which  are  predominately,  but  not  exclu¬ 
sively,  the  cyclic  tetramer. 

To  prepare  controlled  molecular  weight,  difunctional 
polyorganosiloxanes,  specified  amounts  of  an  endblocker  (MM) 
are  incorporated  into  the  system  [1,7].  A  general  reaction 
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scheme  for  the  polymerization  of  octamethylcyclotetrasilox- 
ane  (D^)  in  the  presence  of  an  endblocker  (MM)  is  shown  in 
Scheme  9.  The  various  reactions  involved  in  the  equilibra¬ 
tion  process  are  listed  in  Scheme  10  [20]  and  illustrated  in 
Scheme  11  [35].  The  theory  of  molecular  weight  distribu¬ 
tions  in  such  ring-chain  equilibrated  polymer  systems  has 
been  described  by  Jacobson  and  Stockmayer  [ 19 ]  and  reviewed 
elsewhere  [20,21]. 

Due  to  the  ionic  character  of  the  siloxane  bond,  the 
polymerization  of  cyclosiloxanes  proceeds  via  an  ionic  mech¬ 
anism  under  the  influence  of  acid  or  base  catalysis.  The 
nature  of  the  end  groups  on  the  endblocker  and  the  types  of 
organic  substituents  on  the  silicon  atom  dictate  the  choice 
of  an  acid  or  base  catalyst  [20].  An  acid  catalyst  should 
be  used  when  the  end  groups  of  the  endblocker  are  acidic, 
and  for  basic  end  groups  a  basic  catalyst  is  required.  It 
is  interesting  to  note  that  polymerization  of  cyclosiloxanes 
does  not  proceed  via  a  radical  process  due  to  the  high  bond 
energy  of  the  siloxane  bond  which  is  resistant  to  homolytic 
cleavage . 


Base-Catalvzed  Eoui libration 
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Scheme  9 


Synthesis  of  Endblocked  Polydimethyl si loxane 


Scheme  10 

Reactions  Involved  in  the  Equilibration  Process 
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Scheme  11 


Reactions  Occurring  During  Siloxane  Equilibration 
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si loxanolates  of  the  alkali  metals,  (2)  quarternary  ammonium 
and  phosphonium  bases,  their  siloxanolates  and  fluorides, 
and  (3)  organoalkali  metal  compounds  [7,8].  If  the  catalyst 
is  not  completely  removed  after  polymerization,  the  product 
may  degrade  slowly  at  room  temperature  and  much  more  rapidly 
at  elevated  temperatures.  To  avoid  this,  the  catalyst  must 
be  completely  removed.  Generally,  this  is  done  by  neutrali¬ 
zation  or  thorough  washing.  However,  in  siloxane  chemistry 
transient  catalysts  are  often  employed.  Transient  catalysts 
are  effective  at  polymerization  temperatures,  but  subse¬ 
quently  can  be  completely  destroyed  by  heating  for  a  short 
time  at  somewhat  higher  temperatures  [22,23].  Tetramethyl- 
ammonium  hydroxide,  tetrabutylphosphonium  hydroxide,  and 
their  siloxanolates  are  often  used  as  transient  catalysts 
for  the  preparation  of  silicone  polymers  with  improved 
resistance  to  hydrolytic  degradation  at  elevated  tempera¬ 
tures.  In  the  case  of  tetramethylammonium  hydroxide  and  its 
siloxanolate,  the  catalyst  is  active  at  a  polymerization 
temperature  of  80°C,  but  can  be  readily  decomposed  at  temp¬ 
eratures  above  130  °C  to  give  products  such  as  methanol, 
methoxysi loxane  and  trimethyl amine  which  are  volatile  or 
easily  stripped  off  after  equilibration. 

The  base-catalyzed  polymerization  of  cyclosiloxanes 
involves  the  attack  of  the  siloxanolate  anion  on  the 


electropositive  silicon  atom  of  the  cyclic  or  linear  species 
as  is  illustrated  in  Scheme  12  [24,25].  The  rate  of  reac¬ 
tion  is  proportional  to  the  square  root  of  the  catalyst  con¬ 
centration  and  has  been  attributed  to  both  the  electronega¬ 
tivity  of  the  substituents  on  the  silicon  atoms  and  the 
tendency  of  the  active  centers  to  form  ion  pairs  [1,20]. 
For  example,  phenyl  and  t.rif luoropropyl  groups  cause  faster 
rates  of  anionic  polymerization  than  methyl  groups.  This 
observation  is  due  to  the  electron-withdrawing  effects  of 
the  phenyl  and  trif luoropropyl  groups  which  increase  the 
effective  positive  charge  on  the  silicon  atom  which,  in 
turn,  facilitates  nucleophilic  attack  [7,8]. 

The  activity  of  siloxanes  towards  equilibration  by  base 
catalysis  decreases  in- the  order  [7,21] 


D3  >  D4  >  MD2M  >  MDM  >  MM, 


where  M  denotes  endblocker  groups  and  D  refers  to  cyclic  or 
linear  -Si(CH3)20-  groups.  Polymerization  of  cyclic  silox¬ 
anes  in  the  presence  of  an  endblocker  and  under  base  cataly¬ 
sis  generally  proceeds  through  a  transient  viscosity  maximum 
after  which  the  slower  reacting  endblocker  equilibrates  into 
the  siloxane  chains  and  begins  to  control  the  molecular 
weight  [7,24,190].  The  weight  fraction  of  equilibrium  cy- 
clics  remaining  in  a  base-catalyzed  polymerization  has  been 


Initiation 


HO-Si1- 


X®©0- 


Si. 


X®  ♦  eb-Si„- 


Propagation 


i 


-Si 

I 


2 


-cP 


-O-Si 


4 


-Sl.-O-Si 

I  ^  I 


3 


i 


39 


shown  to  mere***  with  polarity  and  buikmess  of  the  silicon 
substituents:  CH^  <  -CHjCH^  <  -CH2CH2CH3  <  cgH5  < 
-CH2CH2CF3  [26]. 


Acid-Catalyzed  Equilibration 

Tha  cationic  polymerization  of  cyclosiloxanes  by  acid 
catalysis  is  lass  studied  than  tha  anionic  process  and, 
therefore,  is  not  yet  well  understood.  Various  Bronsted  and 
Lewis  acids  have  been  studied,  with  sulfuric  acid  being  the 
most  widely  used  [26,27].  A  generalized  mechanism  for  the 
acid-catalyzed  polymerization  of  cyclosiloxanes  is  shown  in 
Scheme  13  [20,24].  Under  acid  catalysis  it  has  been 
observed  that  the  rate  of  polymerization  increases  when 
electron-donating  groups  are  attached  to  the  silicon  atoms. 

In  the  acid-catalyzed  equilibration  of  cyclosiloxanes 
and  an  endblocker,  there  is  no  apparent  viscosity  maximum. 
This  is  due  to  the  fact  that  the  acid  catalyst  attacks  the 
more  basic  endblocker  (MM)  before  attacking  the  cyclic 
siloxane  tetramer  (D^) .  Therefore,  the  order  for  activity 
of  siloxanes  toward  acid  catalysis  is  [7,21]: 


D-  >  MM  >  MDM  >  MD„M  >  D.. 


Scheme  13 


Acid-Catalyzed  Equilibration 
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Siloxane  Copolvmerizations 


Siloxane  copolymerization  extends  even  further  the  pos¬ 
sibility  of  modifying  these  already  versatile  materials  to 
provide  specific  properties  for  particular  applications. 
The  simplest  copolymerization  technique  relies  upon  mixing 
different  cyclic  siloxanes  with  an  endblocker  and  an  appro¬ 
priate  catalyst,  and  allowing  random  copolymerization  to 


occur. 


The  copolymerization  of  octamethylcyclotetrasiloxane 
(D^)  and  octaphenylcyclotetrasiloxane  (D^")  is  a  controver¬ 
sial  subject  of  limited  investigation.  It  should  be  noted 
that  equilibration  of  and  occurs  only  via  base  catal¬ 
ysis.  The  resonance  and  steric  effects  of  the  phenyl  sub¬ 
stituents  render  the  silicon  atoms  electropositive  which,  in 
turn,  make  the  oxygen  atoms  less  basic  and,  therefore,  less 
likely  to  be  attacked  by  an  acid  catalyst. 

In  an  extensive  study  of  the  kinetics  of  and  D^" 
copolymerizations  over  a  wide  range  of  D^/D^"  ratios,  it  was 
reported  that  polymerizes  earlier  than  D^"  [29].  It  was 
noted  that  as  the  initial  concentration  of  D^"  in  the  reac¬ 
tion  mixture  increased,  the  rate  of  copolymer  formation  and 
the  equilibrium  yield  decreased.  The  equilibrium  cyclics 
were  generally  identified  as  mixed  dimethyl-diphenyl  cy¬ 
clics  . 
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The**  findings  contradicted  the  results  of  en  earlier 
study  [28]  where  it  was  observed  that  D^"  polymerizes  first, 
and  starts  to  polymerize  only  after  the  disappearance  of 
D^M .  The  initiation  of  polymerization  was  slow  because 
of  the  stability  of  the  diphenylsi loxanolate  anion.  The 
resonance  and  steric  effects  of  the  phenyl  rings  make  the 
siloxanolate  anion  less  basic  and,  therefore,  less  reactive. 

The  copolymerization  of  trif luoropropylmethylcyclotri- 
siloxane  ( )  and  is  best  accomplished  by  base  catalysis. 
Due  to  its  high  degree  of  ring  strain,  the  cyclic  trimer, 
F^,  polymerizes  much  faster  than  the  cyclic  dime thy lsiloxane 
tetramer,  D^.  Also,  F3  is  more  susceptible  to  nucleophilic 
attack  than  since  the  electronegative  and  inductive 
effects  of  the  trif luoropropyl  groups  increase  the  electro¬ 
positive  character  of  the  silicon  atoms  relative  to  dimethyl 
substituted  silicon  atoms  (7}. 

In  copolymerizations  of  and  F^  where  the  concentra¬ 
tion  of  F^  is  relatively  high,  and  in  polymerizations  of  F^ 
only,  it  has  been  observed  that  F^  is  rapidly  converted  to 
linear  polymers,  but  subsequently  undergoes  depolymerization 
at  long  reaction  times  to  yield  the  thermodynamically  stable 
cyclic  tetramer,  F^  [2,28], 


2 . 2  POLYESTERS 


2.2.1  Overview 

Polyesters  are  among  the  more  versatile  synthetic  poly* 
aers  in  that  they  find  wide  commercial  use  as  fibers,  plas¬ 
tics,  and  coatings  [36-39,41,42].  They  may  be  classed  as 
heterochain  macromolecules  that  possess  carboxylate  ester 
groups  (3.)  as  integral  components  of  their  polymer  back¬ 
bones  . 


O 

II 

-  C  -  0  - 

(2) 

By  this  definition,  polyesters  are  distinguished  from  other 
ester-containing  polymers  such  as  polyacrylates,  poly(vinyl 
esters),  and  cellulose  esters  in  which  the  ester  groups  form 
part  of  substituent  groups  pendant  from  the  polymer  back¬ 
bone.  These  distinctions  are  relevant  to  the  formation  and 
structural  integrity  of  the  linear  polyesters  as  well  as  to 
their  properties  and  uses. 

Polyesters  were  the  first  linear  polymers  of  high 
molecular  weight  to  be  prepared  by  a  controlled  step-growth 
polymerization  reaction  in  the  pioneering  work  of  Carothers 
[43],  His  research  in  the  polyester  field  was  mainly  con¬ 
cerned  with  the  aliphatic,  fiber-forming  members  which  were 
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too  low  melting  and  solvent  sensitive  to  be  used  directly  as 
textile  materials.  The  underlying  structural  concepts  were 
later  extended  to  crystalline  ring-containing  polyesters  by 
Whmfield  [44]  who  discovered  the  fiber-  and  film-forming 
material,  poly( ethylene  terephthalate )  (4.)  ,  which  is  one  of 
the  most  important  meaibers  of  the  polyester  group. 


J  n 


The  aliphatic  polyesters  subsequently  found  uses  in  a  vari¬ 
ety  of  applications  which  include  plasticizers  and  interme¬ 
diates  for  polyurethane  elastomers,  foams,  and  spandex 
fibers . 

Unsaturated  polyesters  are  the  most  common  polymers 
used  in  conjunction  with  glass  fiber  reinforcing.  They  are 
prepared  from  di functional  monomers,  one  of  which  contains  a 
double  bond  that  is  capable  of  undergoing  addition  polymeri¬ 
zation  in  a  subsequent  crosslinking  reaction.  Typically, 
the  linear  unsatucated  polyester  is  processed  to  a  rela¬ 
tively  low  molecular  weight;  then  it  is  dissolved  in  a 
monomer  such  as  styrene  to  form  a  viscous  solution.  Cross- 
linking,  usually  initiated  by  free  radical  initiators,  is 
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thus  a  vinyl  copolymerization  between  the  unsaturated 
polyester  and  the  solvent  monomer.  Further  details  concern¬ 
ing  unsaturated  polyesters  will  not  be  included  in  this  dis¬ 
cussion.  The  interested  reader  is  referred  to  other  reviews 
[45,46] . 

The  following  sections  will  briefly  review  the  synthe¬ 
sis  of  polyesters  and  their  various  properties  and  applica¬ 
tions.  An  emphasis  will  be  placed  on  polyarylesters  (or 
polyarylates)  since  they  are  pertinent  to  this  research. 

2.2.2  Synthesis  of  Polyesters 

The  common  methods  of  synthesizing  simple  esters  are 
used  in  the  preparation  of  polyesters  [32,39-40].  These 
include  direct  esterification,  transesterification  (ester 
exchange  or  ester  interchange),  and  the  reaction  of  alcohols 
with  acyl  chlorides  or  anhydrides.  Scheme  14  illustrates 
the  general  reactions  involved  in  polyester  formation.  Each 
of  these  reactions  are  mechanistically  well  understood  and 
involve  nucleophilic  addition  to  the  carbonyl  group,  an 
addition  that  is  facilitated  by  the  polar  nature  of  the  car¬ 
bon-oxygen  double  bond  and  the  ability  of  the  carbonyl  oxy¬ 
gen  atom  to  assume  a  formal  negative  charge.  A  general 
mechanism  may  be  written  as  shown  in  Scheme  15.  Each  step 
is  reversible,  although  it  should  be  recognized  that  in  the 
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Scheme  14 

General  Reactions  Involved  in  Ester  Formation 
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Scheme  15 

Ester  Formation  Via  Nucleophilic  Addition 
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case  of  acid  chlorides  and  anhydrides,  the  overall  process 
is  irreversible. 

Direct  esterification  and  transesterification  are  rela¬ 
tively  slow,  reversible  reactions.  Reaction  rates  are  nor¬ 
mally  increased  by  using  acid  catalysts  that  coordinate  with 
the  carbonyl  oxygen,  and  thus  enhances  the  electrophilic 
character  of  the  carbonyl  carbon  atom  as  shown  below. 


Weakly  basic  catalysts  are  also  used  in  transesterification, 
presumably  to  increase  the  nucleophilicity  of  the  alcohol  by 
formation  of  alkoxide  ion: 

R'-OH  ♦  B:  R'-cP  ♦  B:H® 

Reaction  rates  may  also  be  increased  by  using  an  excess  of 
one  reactant,  usually  alcohol,  and  the  reaction  may  be 
driven  to  completion  by  removal  of  by-product  water  or  alco¬ 
hol.  Acyl  halides  and  anhydrides  react  rapidly  with  alco¬ 
hols  in  the  absence  of  catalysts.  These  reactions  are  vir¬ 
tually  irreversible  because  the  by-products  (HC1  and 
carboxylic  acid,  respectively)  are  of  much  lower  nucleophil¬ 
icity  than  the  alcohol.  The  extension  of  these  reactions  to 


macromolecular  synthesis  represents  a  significant  and  com¬ 
mercially  important  application  of  step-growth  polymeriza¬ 
tion. 

Polyester  chemistry  is  not  limited  to  the  above  reac¬ 
tions.  For  example,  ring-opening  polymerization  of  lactones 
produces  polyesters  of  commercial  importance  [47,48]. 

2.2.2. 1  Direct  Esterification 

The  simplest  method  of  polyester  synthesis  is  the  reac¬ 
tion  of  a  glycol  with  a  dicarboxylic  acid  or  the  self-con¬ 
densation  of  a  hydroxycarboxy lie  acid.  These  two  types  of 
direct  esterification  are  illustrated  in  Scheme  16.  Both 
reactions  are  equilibrium  processes  and  their  progress,  and 
hence  their  molecular  weight,  is  determined  by  the  effi¬ 
ciency  with  which  by-product  water  is  removed  from  the  reac¬ 
tion  [ 36-40 ] . 

Polymerization  to  high  conversions  require  that  an 
equal  number  of  reacting  groups  be  present  at  all  stages  of 
the  reaction.  This  condition  is  satisfied  in  the  self-poiy- 
condensation  of  hydroxycarboxylic  acids.  However,  in  the 
reaction  of  dicarboxylic  acids  with  glycols,  the  latter  are 
often  relatively  volatile  and  some  portion  of  the  initial 
charge  may  be  lost  by  distillation  with  liberated  water  or 
in  the  carrier  gas.  It  is  therefore  usual  to  employ  an 
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Scheme  16 


Direct  Esterification  Reaction; 
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excess  of  glycol  (about  10-20  mole  %)  to  compensate  for 
physical  losses. 


A  calculated  stoichiometric  imbalance  may  be  used  to 
regulate  the  molecular  weight  as  well  as  the  nature  of  the 
endgroups.  This  is  particularly  important  when  a  difunc¬ 
tional,  controlled  molecular  weight  oligomer  is  required  for 
subsequent  copolymerization. 

As  previously  discussed,  direct  esterification  reac¬ 
tions  are  relatively  slow.  Either  the  carboxylic  acid  func¬ 
tional  groups  provide  protons  to  catalyze  the  esterification 
reaction,  or  small  amounts  of  a  protonic  acid  or  a  Lewis 
acid  are  required  for  catalysis. 

2. 2. 2. 2  Transesterification 

This  category  of  reactions,  also  known  as  ester 
exchange  or  ester  interchange,  includes  the  synthesis  of 
polyesters  by  exchange  reactions  of  alcoholysis  or  acidoly- 
sis  between  paired  reactants  comprising  diols  with  dicarbox- 
ylic  acid  diesters,  and  diol-diesters  with  dicarboxylic 
acids,  respectively  [36-40].  Of  lesser  practical  value, 
double  ester  exchange  reactions  of  diol-esters  with  dicar¬ 
boxylic  acid  diesters  also  yield  polyesters.  The  reactions 
are  expressed  stoichiometrically  in  Scheme  17,  and  each  pro¬ 
cedure  can  also  be  adapted  to  self-condensation  reactions  by 
using  the  corresponding  hydroxycarboxylic  acid  derivatives. 


Transestenf ication  reactions  are  generally  carried  out 
m  the  presence  of  a  proton-donating  or  weak  base  catalyst. 
These  processes  are  readily  reversible,  but  the  equilibrium 
may  be  continually  displaced  to  the  right  by  removal  of  the 
more  volatile  by-products. 

222.3  Methods  Involving  Diacid  Chlorides 

An  important  commercial  method  of  preparing  polyesters 
is  the  reaction  of  diacid  chlorides  with  dihydroxy  compounds 
as  shown  below  ' 36-4C ] : 

0  0 
II  II 

C1C-R-CC 1  *  HO-R-OH 

The  reaction  proceeds  rapidly  and  requires  no  catalyst 
when  carried  out  i n  the  presence  of  a  base  such  as  sodium 
hydroxide  or  pyridine  this  is  known  as  the  Schotten-Baumann 
reaction  The  base  apparently  catalyzes  the  reaction  by 
..ncreasing  the  nuc ieophi . i c i t y  of  the  dihydroxy  coapound  as 
we..  as  neutralizing  the  MCI  formed 

There  are  three  genera,  methods  of  preparing  pc.yesters 
from  diac.g  ch.crides  <1  fusion  of  the  two  reactants  in 
ou.k  and  remova.  of  HC 1  aa  it  forma  (2)  condensation  in 
ac.^ti  or.  with  HC  1  being  removed  by  di  st i . 1  at i on 
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formation  with  added  base,  and  (3)  interfacial  polymeriza¬ 
tion  where  solutions  of  a  dihydroxy  compound  in  aqueous  base 
and  a  diacid  chloride  in  an  inert  solvent  are  rapidly  stir¬ 
red  together,  allowing  polymer  formation  at  the  interface. 

The  technique  of  interfacial  polymerization  [39]  makes 
use  of  the  virtually  instantaneous  reaction  of  phenolate 
anions  with  acid  chlorides.  The  condensation,  which  is  dif¬ 
fusion-controlled,  takes  place  at  the  boundary  between  the 
two  immiscible  liquid  phases  (constantly  renewed  by  mechani¬ 
cal  agitation)  and  the  liberated  chloride  ions  are  neutral¬ 
ized  by  the  alkali  in  the  aqueous  phase.  It  is  also  useful 
to  employ  a  phase- transfer  catalyst,  usually  a  tetraalkylam- 
aonium  salt,  which  is  believed  to  provide  its  corresponding 
phenolate  which  is  more  soluble  at  the  organic  phase  bound¬ 
ary  than  the  phenolate  formed  from  the  acid  acceptor  (such 
as  NaOH  or  KOH) .  The  esterification  reaction  liberates  the 
tetraaiky ! ammonium  ion  which  returns  to  the  aqueous  phase 
and  assists  further  reaction. 

Very  high  molecular  weights  are  obtainable  by  mterfa- 
cial  methods  and  do  not  depend  on  an  exact  stoichiometric 
balance  since  the  reaction  is  diffusion-controlled.  How¬ 
ever  in  section  polycondensation  methods,  purity  and  stoi¬ 
chiometric  balance  is  critical  for  high  molecular  weight 
conversion  Often  a  calculated  stoichiometric  imbalance 


conversion 
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(Carothers  Aquation)  is  used  to  obtain  a  desired  molecular 
weight  oligomer  with  functional  endgroups.  Well-defined, 
difunctional  oligomers  are  then  used  in  subsequent  copoly¬ 
merization  reactions. 


2. 2. 2. 4  Lactone  Polymerization 

Cyclic  esters,  lactones  (5.) ,  undergo  anionic  and 
cationic  polymerization  to  form  polyesters  [47,48]. 
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Anionic  polymerization  proceeds  via  acyl-oxygen  cleav¬ 
age  for  most  lactones.  Alkyl -oxygen  cleavage  appears  to  be 
the  polymerization  route  for  highly  strained,  sterically 
hindered  cyclic  monomers  in  the  presence  of  a  weakly  nucleo¬ 
philic  initiator.  Acyl-  versus  alkyl-oxygen  cleavage  is 
illustrated  in  Scheme  18. 

Cationic  polymerization  proceeds  via  attack  by  monomer 
on  a  propagating  center  which  is  either  the  oxonium  ion  (6J 
or  the  acylium  ion  (]_)  formed  by  unimolecular  ring  opening 
of  the  oxonium  ion. 


Scheme  18 


Acyl-  Versus  Alkyl-Oxygen  Cleavage 
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Products  from  t_hs  ring-opening  polymerization  of  lac- 
tonss  have  not  gained  ths  commercial  significsncs  of  polyes¬ 
ters  prepared  by  polycondensation.  However,  polycaprolac- 
tone  ( 8 ) 


r  0 
II 

■»(CH2)5C  -  0 

(£) 

has  been  marketed  and  is  recommended  in  applications  where 
biodegradabi li ty  is  desirable. 

2.2.3  Structure-Property  Relationships 

As  with  polymers  in  general,  the  properties  of  polyes¬ 
ters  are  determined  by  the  geometry,  symmetry,  polarity,  and 
segmental  mobility  of  their  chain  structures.  Their  inter- 
molecular  interactions  are  relatively  weak  and  the  proper¬ 
ties  of  polyesters  are,  therefore,  more  sensitive  to  changes 
in  molecular  geometry  than  are  those  of  more  strongly  inter¬ 
acting  polymers  such  as  polyamides  or  polyurethanes. 
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2.2.3. 1  Linear  Acyclic  Polyester* 

In  general,  the  oxidative,  thermal,  and  chemical  resis¬ 
tance  of  linear  acyclic  polyesters  are  satisfactory.  How¬ 
ever,  they  are  rapidly  degraded  by  warm  alkalies  and  primary 
or  secondary  amines.  Polyester  degradation  involves  cleav¬ 
age  of  the  ester  linkages,  which  liberates  hydroxyl  groups 
and  yields  salts  or  amide  derivatives  of  the  carboxylic 
function.  The  hydrophobic  character  of  aliphatic  polyesters 
assists  in  providing  reasonable  long-term  stability  to 
attack  by  water,  except  at  high  temperatures  or  in  contact 
with  steam,  m  which  case  hydrolysis  occurs  [38,39]. 

The  effect  of  structural  regularity  on  the  melting 
point  of  polyesters  has  been  studied  [49].  Repeating  units 
with  an  even  number  of  carbon  atoms  along  the  backbone  of 
the  polymer  chain  generally  exhibit  disproportionately 
higher  melting  points  than  those  with  odd-numbered  units, 
possibly  because  the  former  tend  to  form  more  fully  extended 
linear  chains  than  the  latter.  An  example  of  this  effect 
for  a  homologous  series  of  polyesters  is  shown  m  Figure  2 
[40]  . 

At  sufficiently  high  molecular  weights,  the  linear 
polyesters  are  fiber-forming.  However,  because  of  the  com¬ 
bination  of  low  melting  points,  sensitivity  to  organic  sol¬ 
vents,  and  limited  hydrolytic  stability,  a  majority  of  the 
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acyclic  polyesters  are  precluded  from  use  as  structural 
materials.  Various  applications  do  take  advantage  of  their 
low  glass  transition  temperatures.  Two  examples  are  the  use 
of  these  materials  as  plasticizers  and  as  components  of 
polyurethanes.  Both  uses  require  materials  having  freely 
flexible  molecules  with  little  or  no  tendency  to  crystallize 
under  the  conditions  of  use.  Therefore,  asymmetric  repeat¬ 
ing  units  or  copolyesters  are  employed. 

More  extensive  discussions  of  the  properties  and  appli¬ 
cations  of  linear  acyclic  polyesters  are  found  in  various 
books  and  reviews  [36-38]. 

2. 2. 3. 2  Linear  Polyarylesters 

The  characteristics  of  polyarylesters  (or  polyarylates) 
vary  widely  with  structure,  being  particularly  dependent 
upon  symmetry  and  the  ratio  of  cyclic  to  acyclic  atoms  in 
the  repeating  units.  In  1959,  Conix  [54]  and  Eareckson  [55] 
independently  synthesized  a  number  of  aromatic  polyesters 
with  a  wide  range  of  softening  temperatures,  solubilities, 
and  morphologies  from  various  bisphenols  and  acid  chlorides. 
For  example,  a  highly  crystalline  polyester  (9)  may  be  pre¬ 
pared  from  bisphenol-A  and  terephthaloyl  chloride. 
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However,  the  polyester  (,10)  synthesized  from  bisphenol- 
A  and  isophthaloyl  chloride  may  be  either  crystalline  or 
amorphous  depending  on  the  solvent  casting  conditions. 


A  completely  amorphous  polyarylester  is  obtained  when  as 
little  as  ten  mole  percent  of  one  isomeric  acid  chloride  is 
incorporated  into  a  polymer  containing  the  other  acid  chlo- 
ride . 

The  ability  to  crystallize  is  also  affected  by  (1) 
replacing  the  methyl  substituents  of  bisphenol-A  with  bulk¬ 
ier  groups  such  as  ethyl  or  phenyl,  and  (2)  restricting  ring 
rotation  by  adding  substituents  to  the  aromatic  rings  of  the 
bisphenol  [56!. 

In  general,  polyarylester  properties  include  ductility 
UV  and  thermal  stability,  good  electrical  behavior  high 
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modulus,  and  relatively  high  glass  transition  temperature 
(50].  The  chemical  and  environmental  stability  of  the  poly- 
arylates  is  structure  dependent.  For  example,  poly ( alkylene 
terephthalates )  derived  from  hydroxyl  compounds  of  the  alco¬ 
hol  type  are  considerably  more  stable  to  hydrolysis  than  the 
acyclic  polyesters.  They  are  very  resistant  to  water  except 
at  elevated  temperatures,  but  are  readily  attacked  by  alka¬ 
lies  or  organic  bases.  Polyesters  derived  from  phenolic 
precursors  are  inherently  less  stable  towards  hydrolysis  and 
ammolysis,  but  are  somewhat  protected  by  their  hydrophobic 
nature  which  hinders  penetration  of  aqueous  reagents. 

The  thermal,  oxidative,  and  photochemical  stabilities 
of  aromatic  polyesters  are  typically  of  a  high  order,  but 
the  high  melting  and  softening  points  of  many  of  these 
materials  necessitate  the  use  of  correspondingly  high  prepa¬ 
ration  or  fabrication  temperatures.  In  some  cases  this 
results  in  degradation  by  pyrolytic  scission  of  ester 
groups,  particularly  those  derived  from  secondary  alcohols 
[ 36-38 ; 

Generally,  aliphatic  or  cycloaliphatic  structures  are 
chosen  for  applications  where  *JV  resistance  is  desired  since 
aromatic  structures  absorb  strongly  in  the  JV  region  Jhair. 
scission  and  degradation  results  from  the  release  of  the 
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polyesters  to  UV  radiation  is,  therefore,  an  interesting  and 
important  aspect  of  these  materials  The  photo- mi ti ated 
reaction,  known  as  the  photo-Fries  rearrangement  is  respon¬ 
sible  for  the  UV  stability  of  polyarylesters  and  is  shown  m 
Scheme  19.  The  reaction  is  thought  to  involve  free  radical 
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The  rearranged  ortho-r.ydr oxyDenzopnenone  structure  is  pres¬ 
ent  ir.  the  topmost  .aver  of  a  film  where  it  protects  the 
oulk  of  the  sample  Upon  pro.onged  exposure  the  surface 
.aver  tcta-.y  degrades  and  a  protective  .aver  is  regenerated 
c v  more  of  tne  exposed  pc . vary  .ester  rearranging 
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Scheme  19 


The  Photo-Fries  Rearrangement  of  Polyarylesters 
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noting  copolymers,  and  blends  [63,64].  From  an  economical 
and  preparative  point  of  view,  the  most  direct  method  of 
producing  polymer  hybrids  is  the  physical  blending  of  two  or 
more  polymers.  The  properties  and  utility  of  physical 
blends  are  strongly  dependent  upon  the  degree  of  compatibil¬ 
ity  of  the  components.  Unfortunately,  most  amorphous  physi¬ 
cal  blends  of  homopolymers  are  immiscible  and  give  rise  to 
low  strength  materials  due  to  the  lack  of  interfacial  adhe¬ 
sion  between  the  separate  phases  [68,69]. 

The  most  versatile,  economical,  and  easily  synthesized 
copolymers  are  the  random/alternating  copolymers.  Most  com¬ 
mercial  random  copolymers  are  derived  from  vinyl  monomers 
and/or  conjugated  dieners.  These  materials  are  character¬ 
ized  by  a  statistical  or  random  coupling  of  the  monomer 
units  which  is  dependent  on  the  relative  reaction  rates  of 
the  two  components.  The  properties  of  random  copolymers  are 
.r.termediate  to  those  of  the  corresponding  homopolymers  and 
aepend  upon  the  weight  fraction  of  each  species  [70]. 

Alternating  copolymers  are  characterized  by  the  alter¬ 
nate  rather  than  statistical,  placement  of  the  comonomer 
'epeat  units  [71],  This  type  of  copolymer  is  relatively 
'are  since  pairs  of  monomers  with  highly  specific  copolymer- 
reactivity  ratios  are  required.  Like  random  copol- 
/»e  r  a  the  properties  can  usually  be  represented  by  a 
-*  ;r  *  ec  average  of  the  individual  homopolymer  properties. 


Graft  copolymers  combine  some  of  the  features  of 
physical  blends  and  random  copolymers  since  they  are  chemi¬ 
cally  linked  pairs  of  homopolymers  as  shown  below. 

-A-A-A-A-A-A-A- 

I  I  I 

B  B  B 
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B  B  B 
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The  presence  of  the  chemical  linkage  (A-B)  is  responsible 
for  the  physical  properties  of  these  systems  which  are  char¬ 
acteristic  of  each  of  the  components,  rather  than  an  averag¬ 
ing  of  their  properties  [72,73]. 

Block  copolymers  are  comprised  of  chemically  dissimilar 
segments  as  are  graft  copolymers,  however,  the  segments  are 
terminally  connected.  Their  sequential  arrangement  can  vary 
from  A-B  structures  containing  two  segments  only,  to  A-B-A 
block  copolymers  with  three  segments,  to  multiblock  (A-B)n 
systems  possessing  many  segments.  Another,  but  less  common, 
variation  is  the  radial  block  copolymer.  Schematic  repre¬ 
sentations  of  the  various  block  copolymer  types  are  shown  in 
Figure  3. 

Block  and  graft  copolymers  have  several  advantages  over 
blends  and  include:  (1)  the  covalently  bonded  segments  elim- 
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A-BBlock  Copolymer 


Figure  3:  Block  copolymer  architectures. 
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inates  the  interface  problem  between  dissimilar  segments, 
(2)  novel  materials  can  be  prepared  by  accurately  control¬ 
ling  the  molecular  architecture,  and  (3)  block  and  graft 
copolymers  can  be  used  to  strengthen  immiscible  blends  by 
serving  as  compatibilizers  which  improve  the  interfacial 
adhesion  and  load  transferring  capability  of  the  components 
[67].  Most  of  the  properties  of  block  and  graft  copolymers 
can  be  attributed  to  microphase  separation  which  has  been 
exploited  commercially  in  the  form  of  impact  modified  ther¬ 
moplastics  and  thermoplastic  elastomers. 

The  following  sections  of  this  review  will  focus  on 
block  copolymers  and  microphase  separation,  since  these  top¬ 
ics  are  significant  to  this  study. 

2.3.2  Synthesis 

Sophisticated  synthetic  techniques  are  necessary  to 
prepare  the  well-defined  structures  of  block  copolymers. 
Step-growth,  living  addition  polymerization  and,  to  some 
extent,  free  radical  methods  have  been  used  to  prepare  block 
copolymers  [74-78].  A-B  diblock  and  A-B-A  triblock  archi¬ 
tectures  are  primarily  synthesized  by  living  anionic  poly¬ 
merization  techniques.  By  contrast,  (A-B)n  copolymer  struc¬ 
tures  are  most  often  prepared  via  step-growth  methods.  Due 
to  the  statistical  nature  of  the  stoichiometrically  control- 
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lad  step-growth  reactions,  it  is  not  possible  to  synthesize 
A-B  and  A-B-A  structures  by  this  technique.  On  the  other 
hand,  it  is  inconvenient  to  prepare  the  well-defined  (A-B)r 
architecture  via  living  addition  techniques  because  of  the 
high  probability  of  premature  chain  termination  encountered 
during  repeated  sequential  monomer  addition  cycles. 

Blocks  of  predictable  molecular  weights  and  narrow 
molecular  weight  distributions  are  obtainable  via  living 
anionic  polymerization.  Long  block  lengths  are  also  possi¬ 
ble  since  the  block  molecular  weight  is  governed  only  by  the 
ratio  of  monomer  to  initiator.  These  features  are  not  eas¬ 
ily  achieved  with  step-growth  processes,  however,  the  latter 
offers  a  wider  selection  of  chemical  structures,  including 
many  high  performance  materials. 

From  the  brief  discussion  above  it  can  be  concluded 
that  the  available  synthetic  techniques  are  often  restricted 
to  a  considerable  extent  by  the  block  copolymer  architecture 
desired.  A  wide  range  of  chemical  structures,  encompassing 
all  the  architectural  forms  of  block  copolymers,  can  be  pre¬ 
pared  by  selecting  one,  or  a  combination,  of  the  available 
synthetic  techniques. 


2.3.3  Properties 

Architecture  exerts  a  major  influence  on  some  of  the 
properties  of  block  copolymers,  while  other  properties  are 
essentially  independent  of  sequential  arrangement.  The 
properties  that  are  dramatically  effected  by  architecture 
are  elastomeric  behavior,  melt  rheology,  and  toughness  in 
rigid  materials.  The  architecture- independent  properties 
include  those  derived  from  the  chemical  nature  of  the  seg¬ 
ments  and  include  thermal  transition  benavior,  electrical 
and  transport  properties,  stability,  and  chemical  resis¬ 
tance  . 

2 . 3 . 3 . 1  Morphology 

Block  copolymers  may  exist  in  a  single-phase  or  a  mul¬ 
tiphase  morphology.  Both  of  these  can  offer  unique  property 
advantages.  Single-phase  block  copolymers  are  desirable 
when  the  properties  of  a  random  copolymer  are  sought  from 
pairs  of  monomers  that  cannot  be  combined  via  traditional 
random  copolymerization  techniques.  However,  block  copoly¬ 
mer  structures  are  more  commonly  chosen  because  of  their 
unique  properties  possible  with  two-phase  morphological  sys¬ 
tems.  Domain  size  and  shape  are  critical  since  these  param¬ 
eters  ultimately  govern  the  macroscopic  bulk  properties  of 
the  material.  Five  general  morphological  arrangements  are 
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illustrated  in  Figure  4  [140]  based  on  the  volume  fractions 
of  the  components.  Both  the  domain  arrangement  and  the 
sharpness  of  the  domain  interface  are  subject  to  variations 
in  fabrication  conditions  [83]. 

2. 3. 3. 2  Thermal  Properties 

Above  certain  critical  block  molecular  weights,  most 
block  copolymers  exhibit  microphase  separation,  however, 
exceptions  can  occur  for  blocks  with  similar  polar  and  dis¬ 
persive  forces  and/or  specific  interactions.  The  modulus- 
temperature  behavior  of  .single-phase  versus  two-phase  block 
and  graft  copolymers  is  contrasted  in  Figure  5  [141]. 

The  existence  of  a  single  Tg  intermediate  between  the 
constituents  indicates  a  single  amorphous  phase  block  copo¬ 
lymer.  In  these  types  of  systems,  compositional  changes 
cause  horizontal  temperature  shifts. 

In  the  two-phase  systems,  the  identity  of  both  segments 
is  retained,  as  evidenced  by  the  presence  of  two  distinct 
glass  transition  temperatures.  A  constant  temperature  pla¬ 
teau  exists  between  the  two  Tg  values  of  a  phase  separated 
system.  The  flatness  of  the  plateau  is  dependent  upon  the 
degree  of  phase  separation;  the  more  complete  the  phase  sep¬ 
aration,  the  more  temperature  insensitive  the  modulus 
becomes.  For  two-phase  block  copolymers  in  which  the  block 
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Figure  4:  Block  copolymer  morphology  [140]. 


Figure  5 


Generalized  modulus-temperature  behavior  of 
homogeneous  and  microheterogeneous  block 
copolymers  [141]. 


lengths  are  beyond  the  level  at  which  the  number- average 
molecular  weight  (Rn)  affects  Tg,  compositional  changes 
cause  vertical  modulus  shifts. 

The  determination  of  phase  behavior  is  commonly  accom¬ 
plished  via  modulus-temperature  measurements,  mechanical 
loss  data,  and/or  thermal  analysis  (i.e.,  differential  scan¬ 
ning  calorimetry) .  The  most  sensitive  technique  for  deter¬ 
mining  minor,  as  well  as  major  transitions  in  multiphase 
systems,  is  the  measurement  of  dynamic  mechanical  loss  char¬ 
acteristics. 

2. 3. 3. 3  Mechanical  Properties 

An  important  characteristic  of  elastomeric  block  co¬ 
polymers  is  their  ability  to  display  rubbery  properties 
while  retaining  thermoplastic  processability.  The  materials 
exhibiting  this  type  of  behavior  are  generally  comprised  of 
a  major  portion  of  a  soft  segment  (Tg  below  room  tempera¬ 
ture)  and  a  minor  portion  of  a  hard  segment  (Tg  above  room 
temperature).  The  soft  block  affords  a  flexible  elastomeric 
nature,  while  the  hard  bloc  provides  both  physical  crosslink 
sites  and  filler  reinforcement  characteristics.  Due  to 
microphase  separation,  the  hard  blocks  associate  with  each 
other  to  produce  small  (100-300A)  dispersed  domains  that  are 
chemically  attached  to  the  rubber  matrix.  The  glassy  or 
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crystalline  hard  domains  provide  high  strength  via  rein¬ 
forcement  of  the  rubbery  matrix.  This  is  possibly  due  to 
(1)  the  discrete  nature  of  the  hard  domains,  (2)  the  ideally 
small  size  and  uniformity  of  the  domains,  and  (3)  the  per¬ 
fect  interphase  adhesion  insured  by  the  chemical  interseg¬ 
ment  linkage  [64]. 

The  properties  of  thermoplastic  elastomers  are  depen¬ 
dent  upon  the  molecular  weight  and  volume  fraction  of  hard 
and  soft  segments  present.  Block  length  must  be  great 
enough  to  develop  the  two-phase  system,  yet  not  so  excessive 
as  to  obviate  thermoplasticity.  Modulus,  recovery  charac¬ 
teristics,  and  ultimate  properties  are  affected  by  the  vari¬ 
ation  of  the  hard  block/soft  block  ratio.  The  volume  frac¬ 
tion  of  the  hard  block  must  be  sufficiently  high  to  provide 
an  adequate  level  of  physical  crosslinking  if  good  recovery 
properties  and  high  tensile  strengths  are  to  be  obtained. 
On  the  other  hand,  excessively  high  hard  block  concentra¬ 
tions  can  cause  the  hard  domains  to  change  from  a  discrete 
spherical  shape  to  a  co-continuous  lamellar  form,  which  in 
turn  causes  deterioration  in  recovery  properties. 

Architecture  is  extremely  important  in  determining  the 
mechanical  properties  of  alastomeric  block  copolymers.  To 
develop  good  ultimate  properties,  systems  comprised  of  an 
A-B  architecture  are  generally  vulcanized  or  chemically 


crossli.nked  Elastomeric  block  copolymer*  having  A-B-A 
v linear  or  radial)  or  ^A-B)^  architectures  display  unique 
pro  pa  mas  without  crosslinking  Thasa  latter  systems  com¬ 
bine  the  mechanical  properties  of  a  crosslinked  rubber  with 
the  processing  behavior  characteristic  of  a  linear  thermo¬ 
plastic  polymer. 

Block  copolymers  exhibit  a  marked  dependence  cf  mechan¬ 
ical  properties  on  the  method  of  sample  preparation.  Varia¬ 
tions  in  casting  solvent  (from  an  A  block  preferred  solvent 
to  a  B  block  preferred  solvent)  bring  about  significant 
changes  in  the  stress-strain  and  dynamic  mechanical  behav¬ 
ior.  The  effect  is  most  prominent  in  the  initial  stage  of 
the  stress- strain  curve,  i.e.,  the  tensile  modulus.  The 
behavior  can  be  rationalized  by  considering  the  phase  sepa¬ 
ration  process  and  the  resultant  morphological  changes  [84]. 

2. 3. 3. 4  Processability 

The  capability  of  a  material  to  be  transformed  into 
useful  shapes  via  solution  casting  or  melt  fabrication  tech¬ 
niques  is  termed  processability.  Solution  fabrication  of 
block  copolymers  presents  no  unusual  problems,  however, 
two-phase  amorphous  block  copolymers  are  generally  more  dif¬ 
ficult  to  melt  fabricate  than  single-phase  block  copolymers 
of  similar  molecular  weight.  This  is  due  to  the  unusual 
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from  the  partial  retention  of  their  twc-phase  morphology  m 
the  ae»t  High  processing  temperatures  and  pressures  are 
often  necessitated  by  the  high  melt  viscosity  and  elastic 
character  of  these  materials  Shear  rate  sensitivity  can 
also  be  a  limitation  m  these  systems. 

Melt  processability  is  greatly  influenced  by  block 
copolymer  architecture.  Typically,  A-B  diblock  copolymers 
process  much  more  readily  than  A-B-A  or  (A-B)^  copolymers. 
This  is  due  to  the  network  structures  formed  by  the  latter 
two  architectures,  which  persist  in  the  molten  state. 

In  amorphous  block  copolymers,  phase  separation  and 
melt  processability  are  dependent  upon  the  molecular  weight 
and  the  differential  solubility  parameter  (A)  of  the  two 
segments.  Processing  ease  increases  as  either  the  A  value 
or  the  block  lengths  become  smaller.  Control  of  the  A 
parameter  is  often  preferable,  since  the  alternative 
approach  of  shortening  block  length  is  invariably  accompa¬ 
nied  by  a  decrease  in  the  Tg  of  the  segment  [64]. 

2. 3. 3. 5  Optical  Properties 

Both  rigid  and  elastomeric  block  copolymers  offer  sig¬ 
nificant  advantages  over  homopolymer  blends  in  optical  clar¬ 
ity.  Incompatible  polymer  blends  are  typically  opaque  due 


to  the  refractive  index  differences  and  the  large  domain 
sizes  of  their  constituent  macrophases.  However,  block 
copolymers  appear  transparent  even  though  their  segments  may 
differ  significantly  in  refractive  index.  This  is  due  to 
the  entropy  restrictions  imposed  by  the  insegment  linkages 
which  result  in  microphase  separation.  The  domains  are  much 
smaller  (<  1000A)  than  the  wavelength  of  light  and,  there¬ 
fore,  give  rise  to  transparency.  As  domain  sizes  increase 
predictably  with  molecular  weight,  opacity  does  not  occur 
except  a  very  high  block  molecular  weights. 


2.3.4  Applications 

Commercial  acceptance  of  block  copolymers  has  centered 
upon  their  utility  as  thermoplastic  elastomers.  The  appli¬ 
cations  of  block  copolymers  can  be  divided  into  three  groups 
-  elastomers,  toughened  thermoplastic  resins,  and  surfac¬ 
tants  . 

The  two-phase  block  copolymer  elastomers  that  have  beer. 

commercialized  are  of  three  structural  types:  (1)  A-B-A  :: 

radial  styrene-diene  block  copolymers  and  their  hydrogenate- 

derivatives  (Kraton  by  Shell),  (2)  (A-B)  ester-ether  r. 

n 

copolymers  (Hytrel  by  DuPont),  and  (3)  (A-B)  urethane- e« ■ » 

n 

block  copolymers  (Estane  by  B.  F.  Goodrich  “he 
plastic  elastomeric  behavior  of  these  mater.*  *  -*-• 
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uniquely  use£ul  in  a  variety  of  application  areas  such  as 
automotive,  mechanical  goods,  electrical  and  electronic, 
sealants,  caulks  and  adhesives,  and  footwear.  The  block 
copolymer  properties  most  important  in  these  applications 
are  dimensional  stability,  recovery,  compression  set,  util¬ 
ity  at  high  and  low  temperatures,  and,  in  some  cases,  oil, 
chemical,  and  abrasion  resistance.  Low  dielectric  constant 
and  dissipation  factor  levels,  along  with  weatherability, 
are  of  importance  for  electrical  and  electronic  applica¬ 
tions. 

In  contrast  to  chemically  crosslinked  thermoset  rub¬ 
bers,  elastomeric  block  copolymers  can  be  economically 
fabricated  into  final  products  by  processes  similar  to  those 
used  for  thermoplastics.  These  processes  include  injection 
or  blow  molding,  extrusion,  vacuum  forming,  and  solution 
casting.  Reprocessing  is  possible  since  these  materials  are 
not  vulcanized. 

Toughened  thermoplastic  resins  include  block  copolymers 
containing  a  high  volume  fraction  of  a  hard  block  and  a 
minor  concentration  of  a  soft  block.  A  commercially  availa¬ 
ble  example  is  an  amorphous  radial  styrene-butadiene  block 
copolymer  containing  approximately  75  weight  percent  poly¬ 
styrene  (Phillips  K  resins).  These  materials  are  used  in 
transparent  packaging  applications  since  they  are  tough  and 
optically  clear. 


Two  types  of  block  copolymer  surfactants  are  in 
commercial  use.  One  type  contains  both  hydrophobic  segments 
and  hydrophilic  segments.  One  example  of  such  a  material  is 
the  class  of  polypropylene  oxide  -  polyethylene  oxide  A-B 
and  A-B-A  block  copolymers.  These  nonionic  surfactants  are 
especially  useful  in  applications  that  cannot  tolerate  the 
more  commonly  used  anionic  and  cationic  surfactants.  The 
properties  of  the  nonionic  surfactants  make  them  useful  in 
applications  requiring  the  emulsification  of  aqueous  and 
nonaqueous  components  and/or  the  wetting  of  substrate  sur¬ 
faces. 

The  second  commercially  useful  block  copolymer  surfac¬ 
tant  is  represented  by  the  silicone-alkylene  oxide  copoly¬ 
mers  which  are  used  as  polyurethane  foam  stabilizers.  In 
such  applications,  the  highly  incompatible  siloxane  segment 
resides  at  the  gas-urethane  interface  while  the  alkylene 
oxide  segment  is  soluble  in  the  urethane  matrix.  A  more 
uniform  foam  structure  results  since  the  block  copolymer 
controls  bubble  nucleation  and  cellular  growth. 

2.3.5  Siloxane-Containing  Block  Copolymers 
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polystyrene,  poly(a-methyl styrene) ,  poly (methyl  methacry¬ 
late),  poly(alkylene  ether),  poly(arylene  ether)  (e.g., 
polysulfone) ,  polyisoprene,  polyacrylonitrile,  polyester, 
polycarbonate,  polyamide,  polyimide,  polyurethane,  and 
polyurea.  The  subsequent  discussion  briefly  summarizes  the 
synthesis,  properties,  and  applications  of  siloxane-ester 
block  copolymers  which  are  of  interest  to  the  research  dis¬ 
cussed  herein.  A  detailed  review  of  siloxane-containing 
copolymers  can  be  found  in  reference  [64]. 

The  polyester  blocks  that  have  been  copolymerized  with 
poly(dimethylsiloxane)  are  of  three  types  -  bisphenol-A  car¬ 
bonate,  tetramethyl  cyclobutylene  carbonate,  and  arylene  (or 
alkylene)  phthalates. 

Preparation  of  bisphenol-A  carbonate-dimethyl si loxane 
block  copolymers  (11)  was  first  reported  by  Vaughn  [86]. 


The  synthetic  technique  involved  phosgenation  of  a  mixture 
of  bisphenol-A  and  a  bis (dichloro) -terminated  dimethylsi lox¬ 
ane  oligomer  in  the  presence  of  pyridine.  The  resulting 
copolymer  is  an  alternating  random  block  copolymer  in  which 
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the  blocks  are  polydisperse  and  of  fairly  low  degree  of 
polymerization. 


A  second  synthetic  approach  involves  the  condensation 
reaction  of  dihydroxyl-terminated  polycarbonate  oligomers 
with  bis(dimethylamine)-terminated  dimethyl si loxane  oligo¬ 
mers  [21,172-174].  This  technique  produces  a  well-defined, 
perfectly  alternating  block  copolymer  since  both  blocks  are 
synthesized  and  well-characterized  prior  to  copolymeriza¬ 


tion. 


High  molecular  weight  block  copolymers  with  varying 
carbonate/si loxane  ratios  have  been  prepared.  The  morphol¬ 
ogy  and  mechanical  properties  are  dependent  upon  copolymer 
composition  and  block  molecular  weights  [ 87 ] .  Due  to  the 
large  difference  between  the  solubility  parameters  of  the 
two  blocks  (10.0  for  polycarbonate  and  7.5  for  polydimethyl- 
siloxane),  microphase  separation  has  been  observed  in  these 
systems  [88].  The  copolymers  exhibit  two  glass  transition 
temperatures  -  one  at  -110°C  due  to  the  si  loxane  block  and 
another  between  60  and  140 °C  due  to  the  carbonate  block. 


The  range  of  observed  Tg  values  for  the  carbonate  block  is 


explained  by  block  molecular  weight.  As  the  block  molecular 


weight  was  increased,  a  corresponding  increase  in  the  Tg  was 
noted  [89].  However,  the  low  temperature  transition  dis¬ 
played  little  dependence  on  siloxane  block  length. 


Carbonate- si loxane  block  copolymers  have  shown  useful 
electrical  properties,  corona  resistance,  and  permeability 
properties  [90].  Oxygen-rich  air  has  been  prepared  using 
solution  cast  films  of  these  copolymers  as  membranes  [91]. 
These  copolymers  are  also  claimed  to  be  useful  in  coating 
and  adhesive  applications  [92]. 

The  properties  of  bisphenol-A  carbonate  homopolymer  can 
be  modified  by  blending  it  with  a  low  concentration  (<  5%) 
of  the  carbonate- si loxane  copolymer  [93,94],  Such  blends 
have  reduced  wettability  and  functional  properties.  This  is 
due  to  concentration  of  the  copolymer  at  the  surface  of  the 
molded  or  solution  cast  blend  as  a  result  of  the  low  surface 
energy  and  incompatibility  of  the  siloxane  component  of  the 
block  copolymer. 

Block  copolymers  containing  segments  of  2,2,4,4-tetra- 
methyl-1, 3-cyclobutylene  carbonate  and  dimethyl si loxane  (12) 
were  synthesized  by  Matzner,  et  al.  [95-97]. 


The  preparation  of  these  materials  involves  the  reaction  of 
preformed,  well-characterized  carbonate  oligomers  with 
bis (dimethyl amine) -terminated  dimethyl si loxane  oligomers. 


Copolymers  with  various  carbonate/siloxane  ratios  were 
prepared.  Those  containing  low  siloxane  content  (<  10%)  had 
high  modulus,  high  tensile  strength,  and  low  elongation  val¬ 
ues.  On  the  other  hand,  low  modulus,  moderate  tensile 
strength,  and  high  elongation  values  were  observed  for 
materials  with  high  siloxane  content  (>  60%).  The  copoly¬ 
mers  also  displayed  good  thermal,  hydrolytic,  and  ultra¬ 
violet  stability.  The  excellent  processability  of  these 
systems  was  attributed  to  the  similarity  of  the  solubility 
parameters  of  the  two  components.  Thermal  analysis  indi¬ 
cated  a  low  Tg  of  -120°C  and  a  high  Tg  of  40-80°C  due  to  the 
siloxane  and  carbonate  blocks,  respectively.  A  crystalline 
melting  point  (Tm)  at  200-230°C  due  to  the  carbonate  block 
was  also  observed. 

Block  copolymers  containing  dimethylsiloxane  segments 
and  segments  of  alkyl  or  aryl  phthalates  were  also  reported 
by  Matzner,  et  al.  [95-97],  Well-defined,  perfectly  alter¬ 
nating  block  copolymers  were  synthesized  by  the  oligomer 
condensation  technique  involving  the  reaction  of  hydroxyl- 
terminated  polyester  oligomers  with  bis(dimethyl- 
amine) -terminated  dimethylsiloxane  oligomers.  The  types  of 
polyester  oligomer  used  include  bisphenol-A  isophthalate  (or 
terephthalate)  (13)  and  hexamethylene  terephthalate  (14). 
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The  elastomeric  block  copolymers  obtained  from  the  bisphe- 
nol-A  phthalate  oligomers  show  good  mechanical  properties. 
They  displayed  Tg  values  at  -125°C  due  to  the  siloxane 
blocks  and  at  120-135°C  for  the  polyester  blocks.  Polyester 
block  melting  transitions  were  observed  at  260°C  and  295 °C 
for  the  isophthalate  and  terephthalate  compositions,  respec¬ 
tively.  Due  to  the  more  flexible  nature  of  the  hexameth- 
ylene  terephthalate- siloxane  block  copolymer,  the  mechanical 
properties  and  the  Tm  are  lower  than  those  of  the  more  rigid 
aromatic  polyesters  discussed  above. 

The  ester  and  siloxane  segments  of  the  block  copolymers 
prepared  by  the  silylamine-hydroxyl  condensation  route  are 
linked  by  Si-O-C  bonds.  Under  certain  conditions,  practi- 
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cally  all  compounds  that  contain  the  Si-O-C  grouping  can  be 
hydrolyzed,  although,  depending  on  their  structure,  their 
ability  to  hydrolyze  varies  greatly  [2].  In  contrast  to  low 
molecular  weight  compounds,  organic-siloxane  block  copoly¬ 
mers  have  shown  superior  hydrolytic  stability 
[64,96,97,168].  This  observation  has  been  attributed  to 
three  factors:  (1)  hydrophobicity  due  to  the  presence  of 
long  siloxane  segments,  (2)  steric  shielding  of  the  Si-O-C 
linkages  by  the  long  adjacent  segments,  and  (3)  low  concen¬ 
tration  of  Si-O-C  linkages  in  the  polymer  backbone.  It 
should  also  be  noted  that  hydrolysis  is  not  of  major  concern 
if  the  material  is  to  be  used  in  the  outer space  environment. 

Segmented  (or  "random1*)  ester-siloxane  block  copolymers 
have  been  prepared  by  interfacial  techniques  [98,99].  This 
method  involves  the  reaction  of  an  aminopropyl-terminated 
dimethylsiloxane  oligomer  with  bisphenol-A  and  a  mixture  of 
isophthaloyl  and  terephthaloyl  chlorides.  The  ester  and 
siloxane  segments  are  linked  by  the  hydrolytically  stable 
Si-C  bond.  The  random  nature  of  these  materials  is  derived 
from  the  fact  that  the  polyester  block  is  formed  in  situ 
during  the  copolymerization. 
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2.4  AEROSPACE  CONSIDERATIONS 
2.4.1  Overview 

The  study  of  polymeric  materials  suitable  for  space 
applications  is  an  active  area  of  research.  The  thrust  of 
such  research  is  to  gain  a  fundamental  understanding  of  the 
performance  of  advanced  composites,  coatings,  and  polymer 
films  in  the  space  environment.  To  guide  new  materials 
development,  the  emphasis  of  current  investigations  has  been 
placed  on  identification  of  damage  mechanisms  [101]. 

Long-term  stability  within  the  space  environment  is  a 
major  materials  concern.  The  key  elements  of  the  space 
environment  that  are  known  to  affect  organic  materials 
include  high  vacuum,  ultraviolet  radiation,  ionizing  radia¬ 
tion  (electrons  and  protons),  and  thermal  cycling.  These 
major  elements  and  the  principal  concerns  associated  with 
each  are  given  in  Table  5  [102].  The  effects  of  these  ele¬ 
ments  can  be  significant  on  polymeric  materials.  The  con¬ 
stant  low  pressure  for  example,  may  cause  dimensional 
changes  due  to  outgassing  and  microcracking.  Ultraviolet 
radiation  and  ionizing  radiation  may  affect  both  the  surface 
and  bulk  properties  of  an  organic  polymeric  material.  The 
combination  of  these  environmental  elements  acting  together 
on  the  structural  element  may  also  cause  combined  or  syner¬ 
gistic  effects.  The  combination  of  high  vacuum,  ionizing 


TABLE  5 


Space  Environmental  Parameters  [102]. 


Environmental 

Parameter 

Nominal  Range 

Effects 
on  Materials 

Vacuum 

-5  -13 

Pressure  10  -10  mPa 

Vacuum  outgassing, 
dimensional  changes 

Ultraviolet 

Wavelength  0.1-0.4ym 

2 

Intensity  1.4  Kw/m 

Degradation  of 
coatings 

Protons 

Energy  0 . 1-4  MeV 

Q  +  ^ 

Flux  10  p  /cm  sec 

Degradation  of 
coatings 

Electrons 

Energy  0.1-4  MeV 

8  -  2 

Flux  10  e  /cm  sec 

Surface  and  bulk 
damage,  spacecraft 
charging 

Temperature 

Cycling 

Material  temperature 

80K  to  42 OK 

Microcracking, 
thermal  warping, 
surface  distortions 

radiation,  and  thermal  cycling  can  be  a  severe  test  of  the 
material's  ability  to  perform  [102]. 

In  addition  to  space  environmental  effects,  the  struc¬ 
tural  and  dynamic  characteristics  that  influence  the  control 
of  large  precision  space  structures  (LFSS)  are  of  major  con¬ 
cern.  Various  interdisciplinary  LPSS  control  technology 
programs  bring  together  the  structures  technology  that 
involves  the  strength  and  elasticity  of  the  structure  with 
structural  dynamics  technology  that  defines  the  dynamic 
response  of  the  structure  to  both  operational  and  environ¬ 
mental  loads.  Examples  of  the  physical  factors  that  are 
interdisciplinary  and  influence  control  include:  (1)  rigid¬ 
ity  of  both  structural  elements  and  joints,  (2)  damping 
inherent  in  both  the  material  as  well  as  discrete  dampers 
located  throughout  the  structure,  and  (3)  the  bandwidths  of 
both  sensors  and  actuators  used  to  sense  motion  and  control 
it.  This  interdisciplinary  approach  is  essential  in  suc¬ 
cessfully  controlling  LPSS  because  structure  strength,  flex¬ 
ibility,  and  control  are  inseparable  [103]. 

From  the  brief  discussion  above,  it  is  apparent  that 
there  are  several  properties  that  a  material  must  possess  in 
order  to  be  useful  in  space  applications.  The  two  proper¬ 
ties  of  major  consideration  in  the  research  reported  in  this 
dissertation,  passive  damping  and  atomic  oxygen  degradation. 


will  be  briefly  reviewed  in  the  following  sections  of  this 
literature  review. 


2.4.2  Passive  Damping 

The  Space  Shuttle  has  recently  brought  a  new  dimension 
to  spacecraft  configuration.  LPSS  encompass  erectable 
structures,  which  free  spacecraft  configurations  of  the  con¬ 
straints  imposed  by  the  launch  environment.  With  spacecraft 
assembled  in  orbit  and  supported  .by  multiple  shuttle 
launches,  configurations  are  free  to  follow  the  dictates  of 
the  zero-gravity  environment  alone.  Spacecraft  models  no 
longer  retain  the  central  rigid  body,  but  now  require  dis¬ 
tributed  structural  flexibility,  which  has  a  major  and  fun¬ 
damental  impact  on  performance  for  many  missions  [104,105]. 

In  LPSS  it  is  common  for  dimensional  tolerances  for 
high  energy,  electro-optical,  and  electromagnetic  systems  to 
approach  small  fractions  (e.g. ,  1/50)  of  the  operative  wave¬ 
length.  The  precise  tolerances  must  be  maintained  (or  rap¬ 
idly  regained)  during  the  system  orbital  operation  and, 
therefore,  necessitates  vibration  control.  For  LPSS,  the 
control  must  accommodate  very  low  frequency,  closely  spaced 
vibration  modes  whose  properties  continually  change  because 
the  system  has  variable  geometry,  diminishing  consumables, 
and  temperature  variation  [106]. 
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Presently,  most  of  the  materials  used  in  aerospace 
structures  (composites  and  metals)  have  damping  factors  of 
less  than  0.001  so  that  the  mechanism  for  energy  dissipation 
must  be  sought  elsewhere.  The  introduction  of  damping 
through  the  use  of  viscoelastic  materials  (passive  damping) 
has  been  identified  as  a  key  element  in  meeting  the  vibra¬ 
tion  control  requirements  inherent  in  LPSS.  This  type  of 
damping  is  particularly  critical  in  the  low  frequency  range 
where  active  control  is  no  longer  effective.  Therefore,  a 
successful  vibration  control  approach  must  combine  the  best 
isolation  of  vibration  excitation  sources  and  active  modal 
control  systems  with  passive  damping  [106-108]. 

The  qualitative  relationship  of  the  damping  loss  factor 
and  modulus  to  temperature  for  polymeric  materials  is  shown 
in  Figure  6  [106].  It  can  be  seen  that  the  loss  factor  is 
greatest  in  the  transition  temperature  range,  decreasing 
rapidly  as  the  temperature  falls  into  the  glassy  region  or 
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the  rubbery  region.  Material  creep  may  become  a  problem  as 
the  damping  material  moves  into  the  rubbery  region  and  the 
modulus  of  the  material  decreases.  Additionally,  for  low 
earth  orbit  structures,  temperature  cyclics  of  -80°  to  70°C 
may  make  it  difficult  to  provide  stable  passive  damping. 

The  use  of  polymer  mixtures  or  block  copolymers  to  produce 
damping  materials  having  reduced  temperature  sensitivity  may 
be  the  answer  to  the  creep  and  thermal  cycling  problems. 
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Figure  6:  Temperature  dependence  of  damping  factor  [106] 


To  accurately  study  passive  damping,  it  is  important  to 
know  the  magnitude  of  this  damping  for  various  materials  and 
its  dependence  on  frequency.  Both  the  magnitude  and  fre¬ 
quency  dependence  are  a  consequence  of  the  physics  of  the 
damping  mechanism  and  the  type  of  vibration  mode.  Several 
damping  mechanisms  are  affected  by  air  pressure  and  gravity; 
as  a  result,  research  efforts  must  simulate  high-vacuum, 
zero-gravity  conditions  to  accurately  measure  the  damping  of 
typical  space  structures.  It  is  obvious  that  this  area  of 
research  is  both  costly  and  time-consuming. 

For  effective  damping  it  is  important  that  the  struc¬ 
ture  transmits  appreciably  less  energy  to  the  support  struc¬ 
ture  than  it  dissipates  internally.  In  terrestrial  labora¬ 
tories  this  is  usually  accomplished  by  fastening  the 
specimen  to  a  rigid  support  or  by  supporting  it  with  very 
flexible  supports  near  points  of  small  vibratory  motion. 
Many  space  structures  of  interest  are  so  flexible  that  they 
would  require  many  more  points  of  support  in  the  presence  of 
gravity  relative  to  the  free-floating  condition  of  zero- 
gravity  [108]. 

The  above  discussion  establishes  that  (1)  a  technology 
need  exists  for  vibration  control  in  LPSS  and  (2)  passive 
damping  is  critical  to  the  solution  of  the  problem.  While 
viscoelastic  damping  technology  is  rapidly  emerging,  appli- 


cations  to  LPSS  pose  a  unique  set  of  challenges  and  require¬ 
ments  which  will  not  be  addressed  without  a  specifically 
focused  pr’ogram.  Passive  damping  must  be  assessed  in  terms 
of  the  interaction  of  damping  materials  with  the  space  envi¬ 
ronment,  their  effect  on  the  local  environment  surrounding 
the  space  structure,  and  how  passive  damping  may  best  be 
introduced  into  LPSS. 

2.4.3  Atomic  Oxygen  Degradation 

Data  obtained  from  recent  Space  Shuttle  flights  indi¬ 
cate  that  surface  erosion  of  common  spacecraft  materials, 
such  as  Kapton  and  Mylar,  can  be  significant.  As  a  result, 
the  effects  of  the  low  earth  orbit  (LEO)  atmosphere  (200-600 
km)  on  spacecraft  materials  is  an  emerging  area  of  concern 
[109-125) . 

The  LEO  atmosphere  interacts  with  polymeric  materials 
in  a  variety  of  ways  to  effect  degrading  surface  and  bulk 
property  changes.  The  degradation  consists  of  changes  in 
material  weight  (i.e.,  loss),  surface  morphology,  strength, 
and  thermal/optical  properties.  From  simulated  studies  of 
the  effect  an  oxygen  and  ultraviolet  environment  has  on  Kap¬ 
ton  films,  it  was  concluded  that  atomic  oxygen  was  mainly 
responsible  for  the  observed  effects  in  LEO;  the  effect  of 
ultraviolet  radiation  was  negligible.  The  results  of  this 
study  are  illustrated  in  Figure  7  [109). 
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Ground-state,  neutral  atomic  oxygen  is  the  predominant 
species  a  spacecraft  in  LEO  is  bombarded  by  (see  Figure  8) 
(113,114).  Due  to  the  orbital  velocity  (8  km/sec)  of  the 
spacecraft,  oxygen  atoms  strike  the  satellite’s  surfaces 
with  an  average  collision  energy  of  SeV.  These  conditions, 
along  with  high-vacuum,  present  a  regime  of  gas-surface 
chemistry  which  has  been  the  subject  of  very  little  labora¬ 
tory  investigation  because  of  the  difficulties  inherent  in 
reproducing  the  impact  velocity  and  the  relatively  high  flux 
(1015-1016  O-atoms/cm^-sec )  of  oxygen  atoms  need  to  simulate 
the  spacecraft  environment  of  the  LEO.  An  understanding  of 
the  chemical  and  physical  processes  that  occur  during  atomic 
oxygen  degradation  is  required  in  order  to  provide  quantita¬ 
tive  predictions  of  the  useful  lifetimes  of  materials  sub¬ 
jected  to  the  LEO  (109,112). 

Atomic  oxygen  in  the  space  environment  occurs  as  a 
result  of  ultraviolet  dissociation  of  molecular  oxygen: 

02-—  20 

The  rate  of  dissociation  is  relatively  fast  and  depends  on 
solar  activity.  Recombination  is  slow  since  conservation  of 
both  energy  and  momentum  requires  a  third  body,  i.e.: 

0  +  0  — »  02  f  M 
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Figure  8: 


Atmospheric  composition  of  the  low  earth  orbital 
atmosphere  (113,114). 
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where  M  is  a  third  particle  or  body  capable  of  accepting 
some  of  the  reaction  energy  and  momentum  [112]. 

From  fundamental  studies,  oxidation  occurs  due  to  the 
rupture  of  primary  bonds,  which  leads  to  loss  of  functional 
properties  and,  ultimately,  failure  of  the  material.  Hydro¬ 
gen  abstraction  and  hydroperoxide  formation  has  been  defined 
as  the  oxidation  rate  controlling  step  [111,117].  There¬ 
fore,  oxidation  depends  on  the  types  of  carbon-hydrogen 
bonds  present  in  the  polymer.  When  elements  other  than  car¬ 
bon  and  hydrogen  are  present  in  a  polymeric  material,  disso¬ 
ciation  energy  of  the  additive  bonds  becomes  a  contributing 
factor  in  the  stability  of  the  polymer  in  an  oxidative  envi¬ 
ronment.  Teflon,  for  example,  is  significantly  more  resis¬ 
tant  to  oxidation  than  its  hydrocarbon  counterpart  since  it 
contains  carbon- fluorine  bonds  rather  than  carbon-hydrogen 
bonds.  Factors  such  as  the  degree  of  crystallinity,  amor¬ 
phous  regions,  and  permeability  to  oxygen  can  also  affect 
polymer  stability. 

Several  laboratory  and  flight  experiments  concerning 
the  atomic  oxygen  degradation  of  Kapton  films  (a  polyimide) 
have  shown  rapid  surface  oxidation  accompanied  by  weight 
loss  and  changes  in  surface  morphology,  while  bulk  proper¬ 
ties  remain  virtually  unchanged.  Kapton  degradation  is 
thought  to  be  due  to  a  chain  reaction  involving  hydroperox¬ 
ide  formation  and  free-radical  initiation  [111]. 


Laboratory  and  flight  data  also  verify  the  stability  of 
fluorocarbon  and  silicone  coated  substrates  that  are  typi¬ 
cally  reactive  in  the  LEO  oxygen  atmosphere.  In  some  cases, 
however,  poor  adhesion  between  the  protective  coating  and 
the  substrate  posed  a  problem  in  long-term  stability. 
Increased  surface  roughness  was  accompanied  by  microcracking 
and  crazing  (111].  A  novel  polyimide-siloxane  copolymer  has 
been  identified  as  a  suitable  material  for  long-term  stabil¬ 
ity  against  atomic  oxygen  in  the  LEO  environment  [110,133]. 
The  oxidation  reaction  efficiency  was  approximately  an  order 
of  magnitude  lower  than  the  currently  used  polyimide  (Kap- 
ton)  thermal  blanket  material.  These  results  have  sparked 
an  interest  in  a  new  class  of  materials  that  may  be  suitable 
for  applications  in  the  space  environment. 

The  following  chapters  of  this  dissertation  describe 
the  work  involved  in  the  synthesis  and  characterization  of 
polysiloxane-ester  block  copolymers  that  are  potential 
materials  for  passive  damping  applications  in  the  space 
environment. 
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Chapter  III 


EXPERIMENTAL  METHODS 


3.1  MATERIALS  AND  THEIR  PURIFICATION 

3.1.1  Siloxane  Intermediates 

Octamethylcyclotetrasiloxane  (D^)  (15),  octaphenylcy 

clotetrasiloxane  (D^n)  (16)  and  trifluoropropylmethylcyclo 
trisiloxane  (F3)  (17)  were  obtained  from  the  Silicone  Prod 
ucts  Division  of  the  General  Electric  Company. 


(15)  D4:R  =  R'=  CH3,  n  =  4 


Si  -  O 
I 

R' 


(16)  D  ":R  =  R'=<0/'  n  =  4 


(17)  F3:R  =  CH3  and  R'=  CH2CH2CF3,  n  = 


The  bis(o-aminopropyl )te trame thy ldi siloxane  (18)  was  pur 
chased  from  either  Petrarch  Systems,  Inc.  or  Silar  Labora 
tories. 


H2N  (CH2)3  Si  -  0  -  Si  (CH2)3  NH2 

ch3  ch3 

(18) 


The  low  molecular  weight  bis(dimethylamino)polydimethylsi- 
loxane  oligomer  (19)  was  obtained  from  Petrarch  Systems, 

i 

Inc.  and  used  as  a  starting  material  for  the  synthesis  of 
higher  molecular  weight  terminally  reactive  polyorganosilox- 
anes. 


(CH3)2N  4 


Si  -  N(CH3)2 


(19) 


The  above  silicon-containing  starting  materials  were  of  high 
quality  and  used  without  further  purification. 


3.1.2  Polyarylester  Monomers 
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Reagent  grade  terephthaloyl  chloride  (21)  and  isophtha- 
loyl  chloride  (22)  were  purchased  from  either  Aldrich  Chemi¬ 
cal  Company  or  Eastman  Chemical  Company. 


( 


Purification  of  the  acid  chlorides  was  accomplished  by 
recrystallization.  This  was  typically  done  by  dissolving 
500  grams  of  the  crude  acid  chloride  in  two  liters  of 
refluxing  hexanes,  with  stirring.  The  hydrolyzed  acidic 
impurities  are  insoluble  and  appear  as  a  fine  white  precipi¬ 
tate  in  the  hot  hexanes  solution.  The  solution  was  filtered 
through  a  paper  filter  into  another  Erlenmeyer  flask  which 
contained  a  small  amount  of  refluxing  hexanes.  This  proce¬ 
dure  prevents  the  acid  chloride  from  crystallizing  during 
filtration.  The  filtered  solution  was  concentrated,  fil¬ 
tered  through  paper  into  a  beaker,  and  cooled  with  an  ice 
bath.  The  crystals  were  isolated  by  filtration  and  dried 
under  vacuum.  The  purified  acid  chlorides  were  stored  in  a 
desiccator  to  prevent  hydrolysis. 
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3.1.3  General  Solvents  and  Reagents 

General  solvents  and  reagents  were  obtained  from  Fisher 
Scientific  and  typically  distilled  from  calcium  hydride 
and/or  dried  over  molecular  sieves. 

3.2  SYNTHESIS  OF  OLIGOMERS  AND  POLYMERS 

3.2.1  Synthesis  of  Oligomers 

3.2. 1.1  Siloxanolate  Catalyst 


FCB2 

1 

CH- 
I  J 

HO  - 

-  Si  -  0  ■ 

-  Si 

1 

1  . 

lCH3  J 

In  CH3 

(23) 

N(CH3)4 


The  siloxanolate  catalyst  (23)  (or  N-catalyst)  used  in 
the  polysiloxane  equilibration  reactions  was  prepared  from 
the  reaction  of  one  mole  of  tetramethyl ammonium  hydroxide 
pentahydrate  (24)  with  4.5  moles  of  D^. 

(CH3)4NOH  •  5H20 
(24) 

The  reaction  was  carried  out  in  a  100ml,  one-necked  round 
bottom  flask  equipped  with  a  magnetic  stirrer,  drying  tube 
and  an  inert  gas  inlet  that  goes  below  the  level  of  the 


reactants.  A  schematic  representation  of  the  apparatus  used 
for  catalyst  preparation  is  shown  in  Figure  9. 

In  a  typical  preparation  of  catalyst,  7 . 50g  (0.0414 
mole)  of  tetramethylammonium  hydroxide  pentahydrate  was  dis¬ 
persed  in  54.50g  (0.1837  mole)  of  and  the  reaction  was 
conducted  under  a  rapid  argon  stream  for  24  hours  at  80°C. 
The  rapid  argon  flow  was  sufficient  to  dehydrate  the  system. 
Generally,  after  about  5  hours  the  system  appears  rather 
opaque  and  the  viscosity  has  increased  significantly.  As  a 
function  of  time,  the  viscosity  begins  to  decrease  and  the 
material  increases  in  translucency .  However,  it  may  never 
become  perfectly  transparent.  The  final  product  is  a  vis¬ 
cous  liquid  and  is  stored  in  a  desiccator.  The  catalyst 
produced  in  this  manner  is  sufficiently  active  for  the 
synthesis  of  all  the  polysiloxane  oligomers  discussed  in 
this  work  [22,126].  Alternative  methods  of  preparing  suit¬ 
able  catalysts  have  also  been  reported  [35]. 

3.2. 1.2  Amine  Terminated  Polysiloxane  Oligomers 

The  difunctional  polysiloxane  oligomers,  shown  in  Fig¬ 
ure  10,  were  synthesized  in  bulk  by  the  anionic  equilibra¬ 
tion  of  a  difunctional  end-blocker  with  either  D^,  and 
D^",  or  and  F3  [7,20,127-129].  The  composition  and 
molecular  weight  of  the  oligomers  were  varied  by  controlling 
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Figure  9:  Apparatus  used  in  the  preparation  of  siloxanolate 
catalyst. 
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Figure  10:  Difunctional  organosi loxane  oligomers 


the  ratio  of  the  cyclic  monomers  to  each  other  and  to  the 
end-blocker.  Sample  calculations  are  presented  in  Appendix 
A. 


The  equilibration  reactions  were  carried  out  in  a 
250ml,  two-necked  round  bottom  flask  equipped  with  a  conden¬ 
ser,  drying  tube,  inert  gas  inlet,  thermometer  and  magnetic 
stirrer.  In  the  cases  where  the  oligomers  were  unusually 
viscous  due  to  a  high  phenyl  content  (75  weight  percent),  a 
mechanical  stirrer  was  used. 

In  a  typical  reaction  to  produce  a  5,000g/mole  amino- 
propyl  terminated  co-oligomer  containing  50  weight  percent 
methyl  and  50  weight  percent  phenyl,  6.00g  (0.0241  mole)  of 
bis(a-aminopropyl )disiloxane  along  with  54.36g  (0.1836  mole) 
of  and  60.36g  (0.0762  mole)  of  D^"  were  charged  to  the 
reaction  flask.  The  mixture  was  heated,  with  stirring  and 
inert  gas  flow,  to  80°C  and  0.48g  (0.4  weight  percent)  of 
the  siloxanolate  catalyst  was  added.  The  reaction  was  main¬ 
tained  at  80°C  for  48  hours  to  ensure  complete  equilibra¬ 
tion.  The  reaction  temperature  was  then  increased  to  150°C 
for  3  hours  to  decompose  the  catalyst  into  inert,  volatile 
by-products.  After  cooling,  the  viscous  liquid  product  was 
vacuum  distilled  (0.5  torr  and  100°C)  to  remove  the  equilib¬ 
rium  cyclics. 
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The  difunctional  silylamine  terminated  polysiloxane 
oligomers  were  synthesized  in  bulk  by  the  anionic  equilibra¬ 
tion  of  the  low  molecular  weight  bis (dime thylamino)  polydi- 
methylsiloxane  oligomer  with  either  D^,  and  D^",  or  D4 
and  •  The  procedure  followed  was  as  described  above  for 
the  aminopropyl  terminated  oligomers.  However,  the  silyla¬ 
mine  terminated  oligomers  were  stored  in  a  desiccator  due  to 
the  labile  silicon-nitrogen  bond  of  the  functional  end- 
groups  . 

3.2. 1.3  Hydroxyl  Terminated  Polyarylester  Oligomers 

Controlled  molecular  weight,  amorphous  polyarylesters 
(25 )  were  synthesized  in  solution  by  reacting  bisphenol-A 
with  a  50:50  mixture  of  terephthaloyl  chloride: isophthaloyl 
chloride  in  the  presence  of  triethylamine  which  acts  as  both 
an  acid  acceptor  and  a  catalyst.  The  desired  molecular 
weight  was  obtained  through  the  use  of  a  stoichiometric 
imbalance  of  reactants  according  to  Carothers  equation 
[130].  Sample  calculations  are  presented  in  Appendix  B. 

ch3  0  0  “j  ch3 

H  -  o  C  o  -  C  -j1g>  C  —  0  H C  OH 

CH3  J  n  CH3 


(25) 
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The  reactions  were  carried  out  in  a  one  liter, 
four-necked  round  bottom  flask  equipped  with  a  mechanical 
stirrer,  condenser,  drying  tube,  inert  gas  inlet,  addition 
funnel  and  thermometer.  In  a  typical  reaction  to  produce  a 
5,000g/mole  hydroxyl  terminated  polyarylester,  30.00g 
(0.1316  mole)  of  bisphenol-A  were  charged  to  the  reaction 
flask  and  dissolved  in  550ml  of  dry  methylene  chloride  and 
40.28ml  (0.2895  mole)  of  distilled  triethylamine .  With 
stirring  and  inert  gas  flow,  a  solution  of  12.43g  (0.0613 
mole)  of  terephthaloyl  chloride  and  12.43g  (0.0613  mole)  of 
isophthaloyl  chloride  in  50ml  of  dry  methylene  chloride  was 
placed  in  an  addition  funnel  and  added  dropwise  to  the  bis¬ 
phenol-A  solution  over  a  period  of  one  hour  during  which  a 
slight  exotherm  above  room  temperature  was  noted.  The  reac¬ 
tion  was  allowed  to  run  for  3  hours  at  room  temperature. 
The  reaction  mixture  was  then  filtered  to  remove  the  fine 
white  precipitate  of  triethyl amine-hydrochloride  (salt  com¬ 
plex)  formed  during  the  reaction.  The  filtrate  was 
extracted  with  a  10  percent  (weight  to  volume)  aqueous  solu¬ 
tion  of  sodium  bicarbonate  until  slightly  basic  or  neutral. 
This  extraction  procedure  removes  the  residual  precipitate 
from  the  filtrate  since  it  is  slightly  soluble  in  the  reac¬ 
tion  solvent,  methylene  chloride.  The  final  product  (white, 
powdery  solid)  was  precipitated  in  excess  methanol,  fil- 


tered,  and  dried  under  vacuum  at  80°C  overnight.  The  yield 
of  the  reaction  after  work-up  was  75  percent  and  the  number- 
average  molecular  weight,  Rn,  determined  by  end-group  titra¬ 
tion  [131]  was  4,900g/mole. 

3.2. 1.4  Capping  Hydroxyl  Terminated  Polyarylester 
Oligomers 

To  confirm  the  titrated  Rn  of  the  functionally  termi¬ 
nated  polyarylester  oligomers,  the  hydroxyl  end-groups  were 
capped  with  trimethylsiloxy  groups  so  they  could  be  easily 
detected  by  proton  NMR.  The  capping  reactions  were  carried 
out  in  a  25ml,  three-necked  round  bottom  flask  equipped  with 
a  condenser,  drying  tube,  magnetic  stirrer,  thermometer  and 
inert  gas  inlet.  In  a  typical  capping  reaction,  l.OOg 
(0.0002  mole)  of  a  5,000g/mole  polyarylester  was  placed  in 
the  reaction  flask  with  10ml  of  distilled  chlorobenzene. 
With  stirring  and  inert  gas  flow,  the  temperature  was  raised 
to  100°C.  Then,  0.10ml  (0.0005  mole)  of  hexamethyldisila- 
zane  (26)  was  added  and  the  progress  of  the  reaction  was 
continually  monitored  by  running  an  FTIR  spectrum  every  few 
hours . 


During  the  reaction,  evolution  of  ammonia  may  be  detected  by 
using  pH  paper.  The  reaction  was  allowed  to  run  until  the 
hydroxyl  band  in  the  FTIR  spectrum  was  no  longer  apparent 
(approximately  48  hours).  The  reaction  mixture  was  cooled 
and  the  excess  hexamethyldisilazane,  along  with  the  reaction 
solvent,  was  removed  by  a  rotary  vacuum  distillation  appara¬ 
tus  to  afford  a  white  solid  product  which  was  dried  under 
vacuum  at  80°C  overnight.  The  reaction  yield  was  92  per¬ 
cent,  and  from  the  proton  NMR  spectrum  of  the  capped  poly- 
arylester  oligomer  (27),  the  Rn  was  5,100g/mole. 


CH. 


0 

II 


( CH3  >  3Si-  ■0-@-C-@-0-C-{g}-C.  0-<g)-C-<g}.0-Si  ( CHj  )  3 


CH. 


CH. 


CH. 


(27) 


3.2.2  Synthesis  of  High  Molecular  Weight  Polymers 

3. 2. 2.1  Perfectly  Alternating  Polyarylester-Polysiloxane 
Block  Copolymers 

The  silyamine-hydroxyl  condensation  reaction  was  used 
to  synthesize  perfectly  alternating  block  copolymers  in 
solution  (96,97],  The  reactions  were  carried  out  in  a  one 
liter,  four-necked  round  bottom  flask  equipped  with  a 
mechanical  stirrer.  Dean  Stark  trap,  condenser,  drying  tube, 


thermometer,  inert  gas  inlet,  and  an  addition  funnel  as  is 
shown  in  Figure  11. 

In  a  typical  reaction  to  produce  a  high  molecular 
weight  polyarylesterpolysiloxane  block  copolymer,  6.00g 
(0.0012  mole)  of  a  5,000g/mole  hydroxyl  terminated  polyaryl- 
ester  was  placed  in  the  reaction  flask  with  200ml  of  dis¬ 
tilled  chlorobenzene.  With  stirring  and  inert  gas  flow,  the 
temperature  was  raised  to  chlorobenzene  reflux  (132°C). 
Approximately,  80ml  of  solvent  was  removed  through  the  trap 
to  dehydrate  the  system.  Then,  6.48g  (0.0012  mole)  of  a 
5,400g/mole  silylamine  terminated  polysiloxane  oligomer  was 
placed  in  an  addition  funnel  and  added  dropwise  to  the  poly- 
arylester  solution  over  a  period  of  two  hours.  As  the  stoi¬ 
chiometric  point  was  approached,  a  noticeable  increase  in 
the  viscosity  of  the  reaction  mixture  was  observed.  During 
the  reaction,  evolution  of  dime  thy  launine  may  be  detected  by 
using  pH  paper.  Once  the  amine  by-product  was  no  longer 
observed  (generally  3-5  hours  after  complete  siloxane  addi¬ 
tion)  ,  the  reaction  mixture  was  cooled  and  the  product  was 
precipitated  in  excess  methanol/isopropanol.  Note  that  this 
copolymer  purification  should  further  eliminate  any  residual 
minor  amounts  of  siloxane  eye lies.  The  white,  fibrous  prod¬ 
uct  was  filtered,  then  dried  under  vacuum  at  80°C  overnight. 
The  recovered  yield  was  95  percent. 


3. 2. 2. 2  Perfectly  Alternating  Polyarylester-Polysiloxane 
Block  Terpolymers 

The  perfectly  alternating  block  terpolymers  were  also 
synthesized  in  solution  using  the  silylamine-hydroxyl  con¬ 
densation  reaction.  The  reactions  were  carried  out  in  a  one 
liter,  five-necked  round  bottom  flask  equipped  with  a 
mechanical  stirrer.  Dean  Stark  trap,  condenser,  drying  tube, 
thermometer,  inert  gas  inlet  and  two  addition  funnels.  In  a 
typical  reaction  to  produce  a  high  molecular  weight  polya- 
rylester-polysiloxane  block  terpolymers,  12.00g  (0.0024 
mole)  of  a  5,000g/mole  hydroxyl  terminated  polyarylester  was 
placed  in  the  reaction  flask  with  340ml  of  distilled  chloro¬ 
benzene  and  the  temperature  was  raised  to  chlorobenzene 
reflux  (132°C) .  To  dehydrate  the  system,  approximately  80ml 
of  solvent  was  removed  through  the  trap.  Then,  6.00g 
(0.0012  mole)  of  a  5,000g/mole  silylamine  terminated 
poly( dimethyl ) si loxane  was  placed  in  one  of  the  addition 
funnels  and  7 . 68g  (0.0012  mole)  of  a  6,400g/mole  silylamine 
terminated  poly( trif luoropropylmethyl ) siloxane  was  placed  in 
the  second  addition  funnel.  Both  polysiloxanes  were  added 
dropwise  to  the  polyarylester  solution  over  a  period  of  2 
hours.  A  noticeable  increase  in  the  viscosity  of  the  reac¬ 
tion  mixture  was  observed  as  the  stoichiometric  point  was 
approached.  As  in  the  previously  described  block  copolymer 
synthesis,  the  reaction  was  allowed  to  run  until  the  amine 
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by-product  was  no  longer  observed  (as  detected  by  pH  paper). 
The  reaction  mixture  was  cooled  and  the  product  was  precipi¬ 
tated  in  excess  methanol/isopropanol.  The  fibrous,  white 
product  was  filtered,  then  dried  under  vacuum  at  80 °C  over¬ 
night.  The  recovered  yield  was  86  percent. 

3. 2. 2. 3  Segmented  Polyarylester-Polysiloxane  Block 
Copolymers 

The  segmented  (or  "random")  polyarylester-polysiloxane 
block  copolymers  were  synthesized  interfacially  in  a  labora¬ 
tory  Waring  blender  [98,99].  In  a  typical  reaction  to  pro¬ 
duce  a  20  weight  percent  polysiloxane-containing  copolymer, 
20.00g  (0.0877  mole)  of  bisphenol-A  was  added  to  a  solution 
of  100ml  of  distilled  water  with  0.1757  mole  of  sodium 
hydroxide  (45.5ml  of  a  3.86M  aqueous  solution).  The  bisphe¬ 
nol-A  was  converted  to  the  bisphenate  upon  reaction  with  the 
sodium  hydroxide.  The  solution  was  placed  in  the  blender 
along  with  200ml  of  distilled  water  and  6.00g  (0.0362  mole) 
of  tetraethylammonium  chloride,  the  phase- transfer  catalyst. 
Next,  8.00g  (0.0020  mole)  of  a  4,100g/mole  aminopropyl  ter¬ 
minated  polysiloxane  dissolved  in  250ml  of  methylene  chlo¬ 
ride  was  added  to  the  stirring  blender,  followed  by  addition 
of  a  solution  containing  9.10g  (0.0448  mole)  of  terephtha- 
loyl  chloride  and  9.10g  (0.0448  mole)  of  isophthaloyl  chlo¬ 
ride  in  250ml  of  methylene  chloride.  The  reaction  mixture 
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was  stirred  at  high  speed  for  30  minutes.  A  thick,  white 
emulsion  generally  formed  within  five  minutes.  When  the 
blender  was  stopped,  the  immiscible  solvent  layers  were 
allowed  to  separate.  The  upper  water  layer  was  discarded 
and  the  denser  organic  layer  was  coagulated  in  excess  metha¬ 
nol/isopropanol.  If  the  layers  did  not  readily  separate, 
the  entire  reaction  mixture  was  coagulated.  After  filtering 
and  drying  overnight  under  vacuum  at  80°C,  the  white,  fib¬ 
rous  product  was  dissolved  in  chloroform  and  extracted  sev¬ 
eral  times  with  distilled  water  to  remove  residual  salt  by¬ 
products.  The  final  product  was  coagulated  in  excess 
methanol/isopropanol,  filtered,  and  dried  at  80°C  under  vac¬ 
uum  overnight  to  afford  a  yield  of  85  percent.  It  is  impor¬ 
tant  to  note  that  in  this  type  of  synthetic  procedure  only 
the  difunctional  siloxane  oligomer  is  synthesized  prior  to 
copolymerization;  the  polyarylester  blocks  are  formed  during 
the  copolymerization  reaction.  Calculations  for  segmented 
block  copolymer  formation  are  presented  in  Appendix  C. 

3.3  CHARACTER I Z AT I ON  OF  OLIGOMERS  AND  POLYMERS 

3.3.1  Structure  Analysis 

3. 3. 1.1  Fourier  Transform  Infrared  Spectroscopy  (FTIR) 


The  chemical  structure  of  the  oligomers  and  polymers 
were  confirmed  by  FTIR.  The  spectra  were  recorded  using  a 


Nicolet  MX-1  spectrophotometer.  Spectra  of  the  siloxane 
oligomers  (viscous  liquids)  were  obtained  by  placing  a  drop 
of  sample  between  two  salt  plates.  Thin  films  of  the  poly- 
arylester  oligomers  and  the  polymers  were  cast  from  chloro¬ 
form  on  salt  plates,  then  dried  in  a  vacuum  oven  at  low  heat 
for  30  minutes  before  FTIR  spectra  were  run. 

Diffuse  reflectance  FTIR  was  used  to  study  the  effect 
of  atomic  oxygen  on  the  surface  of  various  solution  cast 
polymer  films.  Spectra  were  obtained  using  a  Nicolet  MX-1 
spectrophotometer  fitted  with  a  diffuse  reflectance  attach¬ 
ment  (Barnes  Analytical,  Spectra-Tech,  Inc.). 

3.3. 1.2  Nuclear  Magnetic  Resonance  Spectroscopy  (NMR) 

Proton  NMR  was  used  routinely  for  structure  analysis  of 
monomers,  oligomers,  and  polymers.  Spectra  were  obtained 
using  a  Varian  EM-390  90  MHz  spectrometer  on  10%  (weight  to 
volume)  solutions  of  sample  in  deuterated  chloroform.  Tet- 
ramethylsilane  (TMS)  was  used  as  the  lock  reference  for  the 
polyarylester  oligomers.  However,  due  to  the  presence  of 
silicon  methyl  groups  in  the  siloxane  oligomers  and  the 
polymers,  TMS  obviously  could  not  be  used.  Therefore, 
methylene  chloride  (5.37ppm  from  TMS)  was  used  as  the  lock 
reference  for  the  siloxane-containing  samples. 


The  percent  siloxane  incorporated  into  the  co-  and  ter- 
polymers  was  calculated  from  the  proton  NMR  spectra  The 
integration  of  the  silicon  methyl  peak  of  the  siloxane  back¬ 
bone  at  0.3ppm  was  compared  to  the  isopropylidene  peak  of 
the  polyarylester  backbone  at  1.8ppm. 

High  resolution  silicon-29  FT-NMR  proved  to  be  a  power¬ 
ful  tool  in  the  structural  elucidation  of  the  siloxane  oli¬ 
gomers.  The  spectra  were  obtained  at  53.67  MHz  using  a 
Bruker  WP-270SY  spectrometer.  The  samples  were  dissolved  in 
deuterated  chloroform  (20  percent,  weight  to  volume)  and  TMS 
was  used  as  the  internal  reference.  A  small  amount  (0.02M) 
of  a  shiftless  relaxation  agent  such  as  chromium  acetylace- 
tonate  was  added  to  reduce  the  long  T^  times  associated  with 
silicon-29.  Typically,  about  500  free  induction  decays 
(FIDs)  were  recorded  with  a  flip  angle  of  40°.  The  spectra 
were  also  broadband  decoupled  at  the  proton  frequency;  the 
nuclear  Overhauser  effect  (NOE)  was  not  measured. 


3.3.2  Molecular  Weicjht  Determination 


calomel  electrode  was  used  with  a  double  junction  reference. 
The  siloxane  oligomers  were  dissolved  in  isopropanol  and 
titrated  with  a  0.1N  solution  of  hydrochloric  acid  in  iso¬ 
propanol.  The  polyarylester  oligomers  were  dissolved  in 
freshly  distilled  tetrahydrofuran  and  titrated  with  a  0.2N 
solution  of  tetramethylammonium  hydroxide  in  methanol. 

In  general,  the  oligomer  to  be  titrated  was  weighed 
directly  into  a  beaker,  solvent  was  added,  and  the  solution 
was  stirred  until  the  oligomer  was  completely  dissolved. 
The  solution  was  then  transferred  to  the  titration  stand, 
the  electrodes  were  lowered  into  the  solution  and  the  titra¬ 
tion  was  begun  while  operating  in  the  automatic  endpoint 
seeking  ( AEP )  mode.  When  the  endpoint  was  reached,  the 
final  potential  (mV)  was  noted  and  the  endpoint  volume  was 
recorded  by  the  computer.  The  electrodes  were  rinsed  with 
the  titration  solvent,  then  with  water,  and  placed  in  a  pH 
4.0  buffer  solution  for  storage. 

The  blank  titration  was  accomplished  similarly  by 
titrating  the  exact  volume  of  pure  solvent  with  the  titrant 
until  the  sample  endpoint  potential  was  reached.  The  num¬ 
ber-average  molecular  weight,  Mn,  was  calculated  from  the 
following  relation: 

W  x  N 

Mn  =  - 

C  X  (V-V.J 
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where  W  is  the  weight  of  the  sample  titrated  in  grams,  N  is 
the  number  of  end-groups  per  molecule,  C  is  the  concentra¬ 
tion  of  the  titrant  in  moles/ml,  V  is  the  volume  (in  ml)  of 
titrant  used  to  reach  the  sample  endpoint,  and  is  the 
volume  (in  ml)  of  titrant  used  to  titrate  the  blank  solvent. 

3. 3. 2. 2  Nuclear  Magnetic  Resonance  (NMR) 

Proton  NMR  was  used  to  calculate  the  Mn  of  the  capped 
polyarylester  oligomers  by  integrating  and  comparing  the 
trimethylsiloxy  end-group  peak  at  0.3ppm  to  the  isopropyli- 
dene  peak  of  the  oligomer  backbone  at  1.8ppm.  Spectra  were 
obtained  using  a  Varian  EM-390  90  MHz  spectrometer  on  10 
percent  (weight  to  volume)  solutions  of  sample  in  deuterated 
chloroform.  Methylene  chloride  was  used  as  the  lock  refer¬ 
ence.  With  high  resolution  FT-NMR  it  may  be  possible  to 
detect  the  hydroxyl  end-groups  of  relatively  low  molecular 
weight  polyarylester  oligomers  without  capping.  However,  at 
the  time  of  this  work  such  capabilities  were  not  available 
and  capping  was,  therefore,  necessary. 

3. 3. 2. 3  Intrinsic  Viscosity  Measurements 

The  intrinsic  viscosity,  ( n  ]  ,  of  the  oligomers  and 
polymers  were  determined  by  a  Cannon-Ubbelhodhe  dilution 
viscometer.  All  measurements  were  made  at  25°C  with  methy- 


lene  chloride  as  the  solvent.  Four  concentrations  of  each 
sample  solution  were  used  for  the  measurements. 

3. 3. 2. 4  Size  Exclusion  Chromatography  (SEC) 

SEC  was  used  as  a  qualitative  check  on  the  nature  of 
the  molecular  weight  distribution  of  the  polyarylester  oli¬ 
gomers  and  the  polymers.  SEC  data  was  obtained  with  tetra- 
hydrofuran  solutions  using  a  Waters  instrument  with  500, 
10^,  10^,  and  10^  angstrom  microstyrogel  columns.  Both  dif¬ 
ferential  refractive  index  and  UV  detectors  were  employed. 
The  flow  rate  was  1.0  ml  per  minute. 

3.3.3  Thermal  Analysis 

3.3.3. 1  Differential  Scanning  Calorimetry  (DSC) 

A  Perkin-Elmer  Model  DSC-2  was  used  to  determine  the 
glass  transition  (Tg),  crystallization  temperature  (Tc),  and 
melting  temperature  (Tm)  of  the  oligomers  and  polymers.  The 
scans  were  run  at  10  degrees  per  minute  with  a  sensitivity 
of  5  meal  per  second.  The  baseline  was  checked  for  flatness 
at  each  heating  rate  and  sensitivity  used.  Depending  on  the 
temperature  range  used,  high  purity  solvents  or  metal  stan¬ 
dards  were  used  for  temperature  calibration.  High  purity 
solvents  such  as  cyclopentane,  chloroform,  tetrahydrofuran, 
and  ethylene  glycol  were  used  for  subambient  temperature 


calibration.  High  purity  metal  standards  such  as  indium  and 
tin  were  used  for  ambient  temperature  calibration.  For 
subambient  measurements,  liquid  nitrogen  was  used  to  cool 
the  system  and  the  sample  chamber  was  constantly  purged  with 
helium.  Ambient  scans  were  done  either  by  using  the  refrig¬ 
eration  unit  or  by  immersing  the  cold  finger  in  water. 
Glass  transition  temperatures  were  taken  as  the  midpoint  of 
the  change  in  slope  of  the  baseline  obtained  from  the  second 
run.  Crystallization  and  melting  temperatures  were  taken  as 
the  base  of  the  exotherm  peak  and  the  apex  of  the  endotherm 
peak,  respectively. 

3. 3. 3. 2  Thermomechanical  Analysis  (TMA) 

A  Perkin-Elmer  TMA-2,  in  the  penetration  mode,  was  used 
along  with  a  System  4  Microprocessor  temperature  controller 
to  generate  psuedo  modulus  versus  temperature  curves  of  the 
oligomers  and  polymers.  Measurements  were  taken  at  a  heat¬ 
ing  rate  of  10  degrees  per  minute.  Temperature  calibration 
was  accomplished  by  the  System  4  itself,  while  a  sapphire 
disk  was  used  according  to  the  manufacturer's  instructions 
for  probe  displacement  calibration. 


3. 3. 3. 3  Thermogravimetric  Analysis  (TGA) 


The  relative  thermal  stabilities  of  the  oligomers  and 
polymers  were  assessed  by  thermogravimetry  in  a  nitrogen 
atmosphere.  A  Perkin-Elmer  TGS-2  along  with  a  System  4 
Microprocessor  was  used.  The  sample  was  placed  in  a  plati¬ 
num  pan  suspended  from  an  electronic  microbalance  which  mon¬ 
itored  weight  loss  as  a  function  of  temperature.  In  all 
cases,  the  heating  rate  was  10  degrees  per  minute.  Balance 
calibration  was  accomplished  using  standard  weights  accord¬ 
ing  to  the  manufacturer's  instructions,  while  temperature 
calibration  was  accomplished  by  the  System  4. 

3.3.4  Mechanical  Property  Determinations 
3. 3. 4.1  Stress- Strain  Measurements 

Tensile  property  determinations  were  made  using  an 
Instron  table  model  tensile  tester.  Dogbone  shaped  samples 
were  cut  from  solution  cast  or  compression  molded  polymer 
films  using  a  die.  The  sample  (0.11  in.  x  0.28  in.)  was 
clamped  between  pneumatic  clamps  and  elongated  at  a  rate  of 
10mm  per  minute.  Tensile  strength,  tensile  strain,  yield 
strength  and  yield  strain  were  calculated  from  the  load 
extension  plot.  The  modulus  was  determined  by  drawing  a 
tangent  to  the  initial  slope  of  the  load  extension  curve. 
The  results  reported  were  an  average  of  four  or  five  runs 
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per  sample.  Before  running  samples  the  load  cell  was  cali¬ 
brated  using  a  standard  two  kilogram  weight. 


3. 3. 4. 2  Dynamic  Mechanical  Thermal  Analysis  (DMTA) 

The  dynamic  mechanical  behavior  is  of  great  utility  in 
studying  the  multiphase  nature  of  the  siloxane-ester  block 
co-  and  terpolymers  over  a  range  of  frequencies  and  tempera¬ 
tures.  Dynamic  mechanical  spectra  of  compression  molded 
polymer  films  were  obtained  using  a  Polymer  Laboratories 
Dynamic  Mechanical  Thermal  Analyser  operating  at  1  and/or  30 
Hz.  Samples  were  run  in  single  cantilever  mode  with  a  1mm 
free  length.  The  heating  rate  was  5  degrees  per  minute. 


3.3.5  Surface  and  Bulk  Analvsis 


3 . 3 . 5 . 1  Contact  Angle  Measurements 

It  has  been  shown  that  in  siloxane-containing  copoly¬ 
mers  and  blends,  the  siloxane  can  dominate  the  surface  of 
the  material  even  when  only  a  small  percentage  of  siloxane 
is  present  in  the  bulk  (64,133-135).  For  this  reason,  it 
was  of  interest  to  evaluate  the  surface  of  several  of  the 
block  co-  and  terpolymers. 

A  contact  angle  measurement  instrument  from  Rame'-Hart, 
Inc.  was  used  to  determine  the  contact  angle  of  water  on  the 
surface  of  the  siloxane-ester  polymer  films.  A  one  inch 


square  sample  was  placed  in  the  instrument  and  a  20yl  drop 
of  distilled  water  was  placed  on  the  polymer  film  surface 
using  a  microsyringe.  The  angle  made  between  the  drop  and 
the  polymer  was  measured.  This  type  of  measurement  was  per¬ 
formed  on  each  side  of  a  polymer  film  sample.  Since  contact 
angle  is  a  relative  technique,  homopolyester  films  were  also 
run  and  used  as  controls.  XPS  was  utilized  to  obtain  more 
quantitative  results. 

3. 3. 5. 2  X-Ray  Photoelectron  Spectroscopy  (XPS) 

XPS  was  used  to  study  the  surface  properties  of  solu¬ 
tion  cast  films  of  the  siloxane-ester  block  co-  and  terpoly- 
mers.  Spectra  were  obtained  on  a  KRATOS  XSAM-800  x-ray 
spectrometer  equipped  with  a  dual  anode  x-ray  source  (Mg) 
and  a  hemispherical  electron  energy  analyzer.  A  DEC  RT-11 
comDuter  system  with  a  software  package  interfaced  to  the 
spectrometer  enabled  automatic  aquisition  and  simultaneous 
manipulation  of  data.  Angle  dependent-depth  profiling  was 
accomplished  by  the  variation  in  the  electron  take-off  angle 
between  the  analyzer  and  the  sample  surface  (134). 

3. 3. 5. 3  Electron  Microscopy 

Scanning  electron  microscopy  (SEM)  and  transmission 
electron  microscopy  (TEM)  were  used  to  observe  the  surface 


and  bulk  characteristics  of  the  siloxane-ester  block  co-  and 
terpolymers,  respectively.  The  SEM  and  TEM  micrographs  were 
obtained  using  a  Philips  420T  scanning  transmission  electron 
microscope. 

SEM  was  used  to  study  the  effect  of  atomic  oxygen  on 
the  surface  of  various  solution  cast  polymer  films.  SEM 
micrographs  of  unexposed  films  were  used  as  controls  in 
determining  the  effect  of  atomic  oxygen  degradation.  A  Den¬ 
ton  Vacuum  DV-515  was  used  to  coat  the  polymer  films  with 
platinum-palladium  (about  75A)  prior  to  running  SEM. 

The  nature  of  the  bulk  microphase  separation  of  the 
siloxane-ester  block  polymers  was  directly  observed  by  TEM. 
Due  to  the  great  degree  of  electron  density  difference 
between  the  siloxane  and  ester,  staining  of  one  of  the 
phases  was  unnecessary.  The  films  for  TEM  were  made  by 
casting  a  five  percent  chloroform  solution  of  the  polymer  on 
distilled  water  and  then  transferring  the  thin  film  directly 
to  a  150  mesh  copper  TEM  grid. 

3.3.6  Polymer  Degradation  Studies 


polyarylester  block  polymers  in  an  atomic  oxygen  environ¬ 
ment.  Each  sample  (2.5  inch  diameter,  solution  cast  film) 
was  exposed  to  atomic  oxygen  for  30  minutes.  Only  the  air- 
polymer  surface  of  each  film  was  exposed  since  it  is  gener¬ 
ally  more  siloxane-rich  relative  to  the  polymer-glass  sur¬ 
face. 

3.3.7  Polymer  Film  Preparation 

3. 3. 7.1  Solution  Casting 

A  Millipore  syringe  filter  was  used  to  filter  dust  par¬ 
ticles  and  other  impurities  from  15  percent  (weight  to  vol¬ 
ume)  solutions  of  polymer  in  chloroform.  The  filtered  solu¬ 
tions  were  cast  either  on  clean  glass  plates  using  a  doctor 
blade  or  in  a  clean  glass  petri  dish.  The  films  were 
allowed  to  air  dry  for  24  hours  and  then  vacuum  dried  at 
80°C  for  24  hours.  The  films  were  removed  from  the  glass 
surfaces,  with  water  if  needed,  and  again  dried  under  vacuum 
and  heat  overnight.  To  avoid  moisture,  the  films  were 
stored  in  a  desiccator. 

3. 3. 7. 2  Compression  Molding 


Polymer  films  were  compression  molded  between  clean 
ferrotype  plates  in  a  hot,  hydraulic  press  (Pasadina  Hydrau¬ 
lics,  Inc.).  The  plates  were  treated  with  MS-136,  a  hot 


molds  release  agent  by  Miller  Stephenson,  prior  to  use.  A 
stainless  steel  spacer  of  the  appropriate  thickness  was  used 
to  mold  the  samples  to  the  desired  dimensions.  Each  film 
was  compression  molded  at  approximately  50°C  above  their  Tg 
value  and  at  1,000  to  1,200  psi  pressure  for  2.5  minutes. 
The  films  were  stored  in  a  desiccator  to  avoid  moisture  con¬ 
tamination. 
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Chapter  IV 


RESULTS  AND  DISCUSSION 


SYNTHESIS  AND  CHARACTERIZATION  OF  FUNCTIONAL  OLIGOMERS 


Amine-terminated  Siloxane  Oligomers 


4. 1.1.1  Poly{ dimethyl) siloxane  Oligomer  Synthesis 

The  reaction  scheme  for  the  synthesis  of  difuncti jnal, 
amine-terminated  poly( dimethyl ) siloxane  oligomers  is  illus¬ 
trated  in  Scheme  20.  The  reaction  involves  the  redistribu¬ 
tion  (or  equilibration)  of  the  cyclic  dimethylsiloxane  tet- 
ramer  (D4)  with  an  amine- functional  siloxane  endblocker  in 
the  presence  of  a  quaternary  ammonium  siloxanolate  catalyst. 
The  oligomer  molecular  weight  is  controlled  by  the  endblock- 
er/D4  ratio  (see  Appendix  A).  Complete  equilibration  was 
ensured  by  allowing  the  reactions  to  run  for  48  hours,  even 
though  recent  studies  show  that  the  linear/cyclic  equilib¬ 
rium  is  reached  at  shorter  times  [35).  Raising  the  tempera¬ 
ture  to  150°C  for  3  hours  was  sufficient  to  decompose  the 
transient  catalyst  into  inert,  volatile  by-products  such  as 
methanol,  trimethyl amine,  and  methoxysiloxane  [22].  The 
levels  of  equilibrium  cyclics  have  typically  been  found  to 
be  very  low  (<10%,  removed  by  vacuum  distillation),  with  the 
predominate  species  being  D-  [35]. 


.  'V 


As  discussed  in  the  literature  review,  the  polymeriza¬ 
tion  of  cyclic  siloxanes  in  the  presence  of  an  endblocker 
and  under  base  catalysis  generally  proceeds  through  a  tran¬ 
sient  viscosity  maximum  after  which  the  slower  reacting  end¬ 
blocker  equilibrates  into  the  siloxane  chain  and  begins  to 
control  the  molecular  weight  [7,24).  In  these  systems,  the 
reaction  mixtures  are  transparent  throughout  the  equilibra¬ 
tion  and  a  transient  viscosity  maximum  is  observed.  The 
viscosity  of  the  final  product  was  observed  to  be  greater 
than  that  of  the  original  reaction  mixture  and  it  was  also 
dependent  upon  molecular  weight;  a  higher  molecular  weight 
oligomer  has  a  higher  viscosity. 

Infrared  spectroscopy  is  one  of  the  best  techniques 
available  for  structure  analysis  of  silicone  products.  The 
infrared  spectrum  is  a  fingerprint  which  identifies  the 
polymer  as  a  silicone,  and  at  the  same  time  can  provide  a 
great  deal  of  information  about  chemical  structure  and 
purity  [6,138].  A  typical  FTIR  spectrum  of  a 
poly (dimethyl) siloxane  oligomer  is  shown  in  Figure  12;  cor¬ 
responding  bands  are  listed  in  Table  6. 

f 

The  chemical  structure  of  polysiloxanes  can  also  be 
determined  by  their  characteristic  proton  NMR  spectra.  A 
typical  spectrum  of  an  amine- functional  po ly( dimethyl ) si¬ 
loxane  oligomer,  with  corresponding  peak  assignments,  is 
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Figure  12: 


An  FTIR  spectrum  of  a  si lylamine- terminated 
poly ( dimethyl ) si lOxane  oligomer. 
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TABLE  6 

Poly (dimethyl ) siloxane  FTIR  Band  Assignments 


Frequency  (cm-*)  Assignment 


3000 

C-H  stretch  of  CH3 

1410 

Si(CH3)20  asymmetric  deformation 

1260 

Si(CH3)20  symmetric  deformation 

1130-1000 

Si-O-Si  stretch  vibration 

800 

Si(CH3)20  stretch;  CH3  rock 

715 

Si(CH3)20  stretch 

510 

Si-O-Si  bend  vibration 

1090-1080 

Cyclic  tetramers 

1080-1050 

Cyclics  larger  than  tetramers 

1070-1040 

Disiloxanes 

1020-1010 

Cyclic  trimers 

shown  in  Figure  13.  The  characteristic  Si-CH3  resonance  at 
0.3  ppm  is  often  used  to  determine  the  presence  and  amount 
of  silicones  in  various  materials.  Structure  analysis  of 
siloxanes  is  aided  by  the  fact  that  the  Si-CH^  resonance  is 
generally  a  sharp  singlet  so  that  nonequi valencies  are  more 
easily  detected.  If  the  endgroups  are  observable,  the  oli¬ 
gomer  molecular  weight  may  be  determined.  However,  the  oli¬ 
gomer  molecular  weights  used  in  this  study  were  often  too 
high  to  observe  the  few  endgroup  protons  using  the  readily 
available  90  MHz  NMR  spectrometer.  The  less  available  270 
MHz  instrument  was  more  promising.  In  general,  number  aver¬ 
age  molecular  weights  of  the  amine-terminated  siloxane  oli¬ 
gomers  were  determined  by  potentiometric  titration  with 


alcoholic  HC1. 

29 

High  resolution  Si  NMR  has  recently  proved  to  be  a 
powerful  tool  in  the  structural  elucidation  of  organosili- 
cones.  The  high  sensitivity  of  silicon  to  changes  in  chemi¬ 
cal  environment,  coupled  with  its  wide  range  of  chemical 
shifts,  makes  it  possible  to  obtain  detailed  information 
about  the  microstructure  and  purity  of  complex  molecules 
such  as  polyorganosiloxanes  [139].  Since  this  analytical 
technique  is  much  less  common  than  FTIR  and  proton  NMR,  it 
will  be  discussed  in  detail  in  a  subsequent  section  of  this 
chapter . 
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4. 1.1.2  Poly (dimethyl-co-diphenyl ) siloxane  Oligomer 
Synthesis 

In  order  to  incre^'e  the  Tg,  the  solubility  parameter 
and,  therefore,  the  miscibility  of  the  siloxane  phase  with 
the  organic  phase  in  a  block  copolymer  system,  co-oligomers 
of  dimethyl siloxane  and  diphenylsiloxane  were  prepared.  The 
synthesis  of  these  co-oligomers,  with  amine  functionality, 
is  illustrated  in  Scheme  21.  An  amine-functional  endblocker 


is  equilibrated  with  a  mixture  of  the  cyclic  dimethylsi- 
loxane  tetramer  (D^)  and  the  cyclic  diphenylsiloxane  tet- 
ramer  (D^")  in  the  presence  of  a  quaternary  ammonium  silox- 
anolate  catalyst  for  48  hours  at  80°C.  The  transient  cata¬ 


lyst  was  decomposed  at  150°C  for  3  hours.  The  composition 
and  molecular  weight  of  the  co-oligomers  may  be  varied  by 
controlling  the  ratio  of  the  two  cyclics  to  each  other  and 
to  the  endblocker,  respectively  (see  Appendix  A).  The  ini¬ 
tial  reaction  mixture  is  heterogeneous  since  the  D^"  is  a 
crystalline  solid  that  is  not  soluble  in  the  other  two  com¬ 
ponents  of  the  bulk  reaction  mixture.  As  a  function  of  time 
and  the  D^"  content,  the  reaction  mixture  becomes  homogene¬ 
ous  and  transparent.  This  is  apparently  due  to  the  fact 
that  the  D^"  is  soluble  in  the  low  molecular  weight  oligo¬ 
mers  formed  from  the  equilibration  of  with  the  end¬ 
blocker.  The  rate  at  which  the  reaction  mixture  becomes 
homogeneous  and  the  level  of  cyclics  at  equilibrium  are 
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dependent  upon  the  diphenylsiloxane  content.  As  the  weight 
percent  of  diphenylsiloxane  increases,  the  rate  at  which  the 
reaction  becomes  homogeneous  decreases  and  the  level  of 
equilibrium  cyclics  increases  (approximately  17%  cyclics  for 
75  weight  %  diphenylsiloxane  charged) .  The  equilibrium 
diphenyl  and  diphenyl -dimethyl  cyclics  are  not  easily 
removed  by  vacuum  distillation  since  they  are  high  boiling 
in  comparison  to  dimethylsiloxane  cyclics.  Removal  by 
selective  extraction  is  not  possible  in  the  case  of  silyla- 
mine-terminated  siloxane  oligomers  since  the  Si-N  bond  is 
very  labile  and  would  not  survive  such  a  procedure. 

The  viscosity  of  the  dimethyl -diphenyl  siloxane  co-oli- 
gomers  was  observed  to  increase  not  only  with  molecular 
weight,  but  also  with  diphenyl  content.  This  is  due  to  the 
reduced  flexibility  of  the  polymer  chains  as  bulky  diphenyl 
units  are  incorporated. 

Typical  FTIR  and  proton  NMR  spectra  of  dimethyl -diphe¬ 
nyl  siloxane  oligomers  are  shown  in  Figures  14  and  15, 
respectively.  The  FTIR  band  frequencies  are  listed  in  Table 

7.  The  IR  bands  and  the  proton  NMR  peak  assignments  agreed 

29 

with  the  expected  molecular  structure.  Si  NMR  was  used  to 
study  co-oligomer  microstructure  and  will  be  discussed  in  a 
subsequent  section  of  this  chapter. 
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Figure  15:  A  typical  proton  NMR  spectrum  of  a  (dimethyl- 
diphenyl  )  si  loxane  co-oligomer  (50  CH-/50  j2  in 
wt.  %) .  3 


TABLE  7 


Poly (dimethyl-co-diphenyl) siloxane  FTIR  Band  Assignments 


» 

Frequency  (cm-1) 

Assignment 

( 

< 

i 

3000 

C-H  stretch  of  CH^ 

|  • 

1600,1500 

C-C  aromatic  stretch 

* 

i 

1410 

Si(CH3)20  asymmetric  deformation 

i 

I 

1260 

Si(CH3)20  symmetric  deformation 

|  • 

1130-1000 

Si-O-Si  stretch  vibration 

800 

Si(CB^) 20  stretch;  CH3  rock 

i*. 

760-690 

Si(0)2O  stretch 

• 

715 

Si(CH3)20  stretch 

» 

i 

510 

Si-O-Si  bend  vibration 

k 

|  • 

1090-1080 

Cyclic  tetramers 

f. 

1080-1050 

Cyclics  larger  than  tetramers 

■ 

1070-1040 

Disiloxanes 

1020-1010 

Cyclic  trimers 
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4. 1 . 1 . 3  Poly(dimethyl-co-trif luoropropylmethyl ) siloxane 
Oligomer  Synthesis 

The  co-equilibration  of  the  cyclic  dime thy lsiloxane 
tetramer  (D^)  and  the  cyclic  trif luoropropylmethylsiloxane 
trimer  (F3)  with  an  amine- functional  endblocker  in  the  pres¬ 
ence  of  a  quaternary  ammonium  siloxanolate  catalyst  affords 
a  co-oligomer  with  an  increased  solubility  parameter  rela¬ 
tive  to  poly{ dimethyl) siloxane.  The  preparation  of  these 
co-oligomers  is  illustrated  in  Scheme  22.  Again,  the  co¬ 
oligomer  composition  and  molecular  weight  may  be  varied  by 
controlling  the  ratio  of  the  cyclic  monomers  to  each  other 
and  to  the  endblocker,  respectively:  The  initial  reaction 
mixture  is  transparent,  but  heterogeneous.  This  is  due  to 
the  fact  that  the  solid  F3  monomer  is  above  its  melting 
point  at  the  reaction  temperature,  but  it  is  nevertheless 
not  initially  miscible  with  the  other  two  components  of  the 
bulk  reaction  mixture.  As  the  F3  begins  to  equilibrate,  the 
reaction  mixture  becomes  homogeneous.  As  with  the  previ¬ 
ously  discussed  phenyl -containing  co-oligomers,  the  rate  at 
which  the  reaction  mixture  becomes  homogeneous  decreases 
with  an  increase  in  trif luoropropylmethyl  units.  The  amount 
of  equilibrium  cyclics  increases  slightly  with  an  increase 
in  trif luoropropylmethyl  siloxane  units.  It  was  difficult 
to  remove  the  high  boiling  trif luoropropylmethyl  and  tri- 
f luoropropylmethyl-dimethyl  siloxane  cyclics.  Due  to  the 


reactive  nature  of  the  silylamine  endgroups,  solvent  extrac¬ 
tion  was  not  used  at  this  stage. 

The  viscosity  of  these  systems  increased  with  both 
molecular  weight  and  trif luoropropylmethyl  content.  How¬ 
ever,  the  observed  increase  was  not  as  dramatic  as  the  pre¬ 
viously  discussed  diphenylsiloxane  case. 

Structure  analysis  was  again  accomplished  by  FTIR  and 
proton  NMR,  the  spectra  of  which  are  shown  in  Figures  16  and 

17,  respectively.  Band  assignments  for  the  FTIR  spectrum 

29 

are  given  in  Table  8.  Si  NMR  did  not  prove  to  be  useful 
in  the  structural  characterization  of  dimethyl-trif luoropro¬ 
pylmethyl  siloxane  co-oligomers  since  the  silicon  atoms  of 
both  unit  types  have  similar  chemical  environments  and, 
therefore,  their  resonances  not  well  resolved. 

29 

4. 1.1.4  Si  NMR  of  Functional  Siloxane  Oligomers 

29 

In  the  early  1960 's  the  promise  of  Si  NMR  spectros¬ 
copy  as  a  structural  probe  in  organosilicon  chemistry  was 
demonstrated  by  Lauterbur  (142).  Initially,  little  atten¬ 
tion  was  given  to  the  characterization  of  silicone  polymers 

29 

by  this  technique  because  the  direct  observation  of  the  Si 

nucleus  was  experimentally  difficult.  The  tremendous  growth 
29 

of  Si  NMR  papers  [143-163]  in  recent  years  has  largely 
been  due  to  the  development  and  application  of  the  pulsed 
Fourier  transform  (FT)  method  [164]. 
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FTIR  spectrum  of  a  ( trif luoropropylmethyl- 
dimethyl )  siloxane  co-oligomer  (50  CHj/50  F 

wt.  %). 


5432  1  0  ppm 


Figure  17:  Proton  NMR  spectrum  of  a  (dimethyl- 

trif luoropropylmethyl ) siloxane  co-oligomer  (5 
CH3/50  F  in  wt.  %) . 
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TABLE  8 

Poly(dimethyl-co-trifluoropropylmethyl ) siloxane  FTIR  Band 

Assignments 


• 

Frequency  (cm”1) 

Assignment 

3000 

C-H  stretch  of  CH2  and  CH^ 

• 

1410 

Si(CH3)20  asymmetric  deformation 

1350 

Si-CH2  scissoring 

1260 

Si(CH3)20  symmetric  deformation 

• 

1240 

Si-CH2  wagging 

1130-1000 

Si-O-Si  stretch  vibration 

800 

Si-C  stretch 

• 

715 

Si(CH3)20  stretch 

510 

Si-O-Si  bend  vibration 

• 

1090-1080 

Cyclic  tetramers 

1080-1050 

Cyclics  larger  than  tetramers 

1070-1040 

Disiloxanes 

• 

1020-1010 

Cyclic  trimers 

Naturally  occurring  silicon  consists  of  three  isotopes: 

92.21%  28Si,  4.70%  29Si/  and  3.09%  30Si;  of  these  only  29Si 

29 

has  a  spin  (I  =  1/2).  The  characteristics  of  the  Si 

nucleus  are  listed  in  Table  9.  The  low  natural  abundance 
and  low  NMR  sensitivity  at  constant  field  relative  to 
places  it  with  C  in  the  group  of  "rare"  spin  nuclei.  For¬ 
tunately,  the  recent  use  of  FT-NMR  spectrometers  eliminates 
the  problem  of  low  sensitivity.  Difficulties  also  arise 

from  the  long  spin-lattice  relaxation  times  (T^)  frequently 

29 

associated  with  Si  and  its  negative  magnetogyric  ratio 
(I).  The  latter  indicates  that  under  proton  decoupling  con¬ 
ditions  the  Nuclear  Overhauser  Effect  (NOE)  is  negative. 
This  can  result  in  greatly  reduced  signal  intensities,  sig¬ 
nals  nulled  into  the  baseline,  or  negative  peaks. 

29 

A  further  complication  is  that  T^  values  for  most  Si 
nuclei  are  greater  than  20  seconds,  which  makes  time  average 
experiments  very  time  consuming.  Both  of  these  problems  can 
be  overcome  with  the  addition  of  a  small  amount  (0.01-0.03M) 
of  a  paramagnetic  relaxation  reagent  (157-159)  such  as  the 
acetylacetonate  of  Cr  III.  The  shiftless  relaxation 
reagents  are  effective  in  reducing  the  T^  values  to  a  few 
seconds  by  replacing  all  the  relaxation  mechanisms  with  a 
much  more  efficient  electron-nuclear  dipole-dipole  interac¬ 
tion  which  dominates  the  spin- lattice  relaxation.  Since  the 
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TABLE  9 


29 


Si  Characteristics 


Spin  =  1/2 


Abundance  =  4.7% 


-  3 


Relative  Sensitivity  =  7.84  x  10 


Magnetic  Momentum  =  -0.961  nuclear  raagnetions 


-7  -1  -1 

Magnetogyric  Ratio  =  -5.3  x  10  rad  T  sec 


Chemical  Shift  Range  >  550  ppm 


Spin-Lattice  Relaxation  >  20  seconds 


Negative  NOE  with  H  decoupling 


proton-nuclear  dipole-dipole  relaxation  mechanism  becomes 
unimportant,  under  proton  decoupling  conditions  the  NOE  is 
eliminated.  Short  values  and  the  absence  of  any  NOE  pro¬ 
duces  an  absorption  spectrum  obtained  with  the  same  relative 
13 

ease  as  a  C  spectrum.  For  cases  in  which  it  is  undesira¬ 
ble  to  add  a  relaxation  reagent,  pulse-modulated  decoupling 
( "gated-decoupling" )  [165]  may  be  used  to  eliminate  the  NOE. 
However,  this  technique  does  not  eliminate  the  problem  of 
long  values  and  long  recovery  times  may  be  needed  in  an 

FT  experiment. 

29 

The  range  of  the  Si  NMR  chemical  shifts  spans  some 

400  ppm.  However,  most  organosilicones  are  clustered  in  a 

considerably  narrower  range  of  about  120  ppm.  Figure  18 

29 

1155]  summarizes  Si  chemical  shifts  for  various  organosil- 

29 

icon  compounds.  Highly  shielded  Si  nuclei  generally  have 
multiple  oxygen  substitution,  whereas  substitution  by  ali¬ 
phatic  groups  results  in  deshielding.  It  is  interesting  to 
note  that  the  broad  resonance  given  by  the  glass  of  the  NMR 
tube  may  overlap  sample  signals  in  the  region  of  -80  to  -130 
ppm.  In  such  circumstances  it  may  be  desirable  to  use  NMR 
tubes  made  of  teflon  or  to  use  difference  spectroscopy, 
i.e.,  subtracting  the  free  induction  decay  (FID)  of  a  blank 
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29 

Although  the  chemical  shift  range  for  Si  resonances 

13 

is  smaller  than  that  observed  in  C  NMR,  the  spectral  dis¬ 
persion  for  many  organosilicon  compounds  may  be  considerably 
29 

greater  in  the  Si  spectra.  For  comparative  purposes,  the 

characteristics  and  the  NMR  spectra  of  a  siloxane  cligomer 
1  13  29 

for  H,  C,  and  Si  nuclei  are  shown  in  Table  10  and  Fig- 

13  1 

ure  19  [144],  respectively.  The  C  and  H  spectra  of  the 

siloxane  oligomer  provide  much  less  structural  information 
29 

than  the  Si  spectrum  in  which  not  only  are  the  endgroups 

(M)  and  backbone  (D)  units  separated  by  28  ppm,  but  both 

types  of  D  units  show  unique  resonances.  It  has  been 

reported  that  polysiloxanes  show  individual  resonances  for 

each  unique  silicon  atom  up  to  a  10-unit  oligomer  [151,163]. 

Data  for  a  series  of  linear  and  cyclic  polydimethylsiloxanes 

are  collected  in  Table  11  [163].  Cyclic  siloxanes  were 

noted  to  have  signals  which  are  at  higher  frequencies  than 

the  linear  siloxanes.  However,  siloxanes  in  a  large  ring 

are  subjected  to  the  same  environment  as  those  in  a  long 

chain  and,  therefore,  have  similar  resonances  [154]. 

29 

The  use  of  high  resolution  Si  NMR  has  proven  useful 
in  the  purity  and  structural  analysis  of  the  functional 
siloxane  oligomers  prepared  and  used  in  our  studies  [139]. 
The  high  sensitivity  of  silicon  to  changes  in  chemical  envi¬ 
ronment,  coupled  with  its  wide  range  of  chemical  shifts. 


TABLE  10 


b 


. 


Nuclei  Comparison 


13c 

29Si 

Spin 

1/2 

1/2 

1/2 

%  Abundance 

100 

1.1 

4.7 

Magnetic  Momentum3 

2.79 

1.22 

-0.96 

u 

Relative  Sensitivity 

1.00 

lxlO'2 

7.84x10" 

Nuclear  magnetons. 

For  equal  number  of  nuclei  at  constant  field  strength. 
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TABLE  11 


29Si 

Chemical 

Shifts  for 

Siloxane 

Oligomers  [163] 

Compound 

•«' 

M 

D1 

D2 

D3  D4 

MM 

6.79 

MDM 

6.70 

-21.50 

md2m 

6.80 

-22.00 

md3m 

6.90 

-21.80 

-22.60 

md4m 

7.00 

-21.80 

-23.40 

md5m 

7.00 

-21.80 

-22.40 

-22.30 

MDgM 

7.00 

-21.80 

-22.30 

-22.20 

MD?M 

7.00 

-21.89 

-22.49 

-22.33  -22.29 

MDgM 

6.93 

-21.86 

-22.45 

-22.30  -22.20 

D3  cyclic 

-9.12 

cyclic 

-19.51 

Dg  cyclic 

-21.93 

D&  cyclic 

-22.48 

a:  In  ppm  relative  to  internal  He^Si  (TMS). 
M  =  (CH3)3SiOQ  5  and  D  =  (CH3 ) 2Si (0Q _ g ) 2 
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makes  it  possible  to  obtain  detailed  information  on  the 

micro structure  of  the  siloxane  co-oligomers. 

Prior  to  analyzing  the  synthesized  functional  siloxane 

29 

oligomers  and  co-oligomers  by  Si  NMR,  it  was  desirable  to 
29 

obtain  the  Si  spectra  of  several  commercially  available 

model  compounds,  some  of  which  are  starting  materials  for 

siloxane  equilibrations  used  in  our  studies.  Figure  20 

29 

illustrates  the  Si  NMR  spectrum  of  a  mixture  of  organosil- 
icon  model  compounds.  It  is  interesting  to  note  that  the 
aminopropyl  disiloxane  (DSX)  is  the  only  material  to  the 
left  of  (MeJ^Si  (TMS).  This  is  due  to  the  fact  that  the 
silicon  atoms  of  the  disiloxane  are  bonded  to  only  one  oxy¬ 
gen  atom  which  produces  a  deshielding  effect.  The  silicon 
atoms  of  the  cyclic  siloxanes,  on  the  other  hand,  are 
shielded  since  they  are  bonded  to  two  oxygen  atoms  and  have 
negative  resonance  signals  (right  of  TMS).  It  is  also 
interesting  to  note  that  both  ring  size  and  substituent  type 

influence  the  observed  resonances. 

29 

A  typical  Si  NMR  spectrum  of  an  equilibrated  amino- 
propyl-terminated  polydimethylsiloxane  (5,000  Rn)  is  shown 
in  Figure  21a.  The  endgroup  signal  is  observed  at  7.5  ppm 
relative  to  TMS  at  0  ppm.  Residual  equilibrium  cyclics  are 
noted  at  -19  ppm  while  the  linear  species  are  at  -22  ppm. 
Due  to  the  relatively  high  molecular  weight,  only  two  types 
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20: 


Si  NMR  spectrum  of  silicon-containing  model 


I, 


.59 


of  silicon  atoms  in  the  backbone  are  observable;  a  small 

signal  at  -21.5  ppm  due  to  silicon  atoms  near  the  amine  end- 

groups  and  at  -22  ppm,  a  larger  signal  due  to  the  linear 

29 

backbone.  Figure  21b  illustrates  the  Si  NMR  spectrum 
obtained  from  the  same  siloxane  oligomer  shown  in  Figure  21a 
except  that  it  has  been  spiked  with  D^,  the  cyclic  dimethyl- 
siloxane  tetramer.  The  signal  at  -19  ppm  increased  in 
intensity  and,  therefore,  indicates  that  is  the  predomi¬ 
nant  cyclic  species  remaining  at  equilibrium. 

High  resolution  Si  NMR  was  also  useful  in  studying 
the  microstructure  of  organosilicon  co-oligomers  consisting 
of  two  different  types  of  silicon  atoms.  The  chemical  shift 
of  a  given  silicon  atom  is  affected  by  its  immediate  neigh¬ 
boring  groups  and  the  triad  structure  of  the  copolymer  chain 

can  be  recognized  by  characteristic  triplet  splittings  in 
29 

the  Si  NMR  spectrum.  Moreover,  the  influence  of  the  sec¬ 
ond  neighboring  groups  can  cause  a  further  triplet  splitting 
of  each  triad  line,  i.e.,  pentad  structures  are  represented 
in  spectra  by  a  triplet  of  triplets.  This  is  shown  schemat¬ 
ically  in  Figure  22  [1501  under  the  assumption  of  equal 

amounts  and  random  distribution  of  A  and  B  silicon  units  in 
the  copolymer  chain.  Engelhardt  et  al.  have  shown  by  using 
model  compounds  that  increasing  numbers  of  diphenyl  siloxane 
units  in  the  neighborhood  of  a  given  dimethyl  or  diphenyl 
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*a 


different  pentad  sequences  given  in  Figure  22.  Due  to  the 
adjacent  phenyl  groups,  the  BBB  triad  peak  at  -46.5  ppm 

I 

shows  line  broadening. 

The  signal  intensities  of  the  pentad  or  triad  signals 
can  be  used  to  calculate  the  quantitative  parameters 
describing  the  microstructure  of  the  copolymer  chain:  mole 
fraction  of  the  monomer  units  (Aj^  and  BM),  number  average 
sequence  lengths  ( i A  and  £g),  and  departure  from  random  sta¬ 
tistics  (x).  The  parameter,  x,  is  defined  as: 


P2(AB) 


P1(A)P1(B) 


Since  for  a  completely  random  process 


P2(AB)  =  P1(B)P1(A), 


it  follows  that  [166]: 
x  Value 


Characteristic  Feature 


random  or  statistical 


alternating  tendency 
blocky  character 
highly  alternating 
long  blocky  sequences 


v;y','»rY^Y7^y^yiv*y 
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The  microstructure  parameters  for  two  dimethyl-diphenyl  co¬ 
oligomers  are  listed  in  Table  12.  The  calculations  used  to 
determine  these  values  are  shown  in  Appendix  D  [166]. 

Once  the  spectrum  of  a  fully  equilibrated  siloxane  has 
been  assigned,  it  becomes  feasible  to  study  the  effect  of 
reaction  conditions  (catalyst  concentration,  reaction  time, 
etc.)  on  sequence  distribution  and  physical  properties  by 
obtaining  spectra  of  samples  extracted  from  reaction  mix¬ 
tures  at  different  intervals  of  time  [167]. 

4. 2. 1.5  Thermal  Properties  of  Siloxane  Oligomers  and  Co- 
Oligomers 

The  glass  transition  temperatures  of  the  siloxane  oli¬ 
gomers  and  co-oligomers  were  determined  by  Differential 
Scanning  Calorimetry  (DSC).  The  influence  of  diphenyl  and 
trif luoropropylmethyl  siloxane  content  on  the  glass  tran¬ 
sition  temperatures  of  the  co-oligomers  are  illustrated  in 
Tables  13  and  14,  respectively.  The  increase  in  the  glass 
transition  temperature  with  increasing  diphenyl  or  trifluo- 
ropropylmethyl  content  was  expected  due  to  the  incorporation 
of  the  more  polar  and  bulky  units  which  restrict  molecular 
motions.  Typical  DSC  traces  for  siloxane  oligomers  and  co¬ 
oligomers  are  shown  in  Figures  25  and  26.  Note,  a  Tc  and  Tm 
are  not  observed  for  the  co-oligomers.  The  effect  of  com¬ 
position  on  Tg  is  illustrated  in  Figure  27. 


mix?*?.- fir&ca 


TABLE  12 


29 

Si  NMR  Microstructure  Parameters  for  Dimethyl-Diphenyl 
Siloxane  Co-oligomers 


Mole 

% 

Theory 

t 

1 

Exptl . 

*ch3 

lo 

X 

47  CH3 

48  CH3 

2.02 

1.80 

1 . 05b 

53  0 

I 

52  0 

73  CH, 

i  3 

72  CH3 

3.59 

1.24 

1 . 08b 

27  0 

» 

28  0 

Samples  co-equilibrated  at  80°C  for  48  hours 
'indicates  statistically  random  co-oligomer  x 
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TABLE  13 

Poly( dimethyl-co-diphenyl ) si loxane  Oligomer  Characteristics 


Note:  —  indicates  samples  not  run. 


TABLE  14 


Poly(dimethyl-co-trif luoropropylmethyl ) siloxane  Oligomer 

Characteristics 


Sample 

Number 

Weight  % 

TFPM 

M in 

Theory 

Titrated3 

DSC 

Tg(°C) 

1 

0 

5,000 

6,000 

-123 

2 

0 

10,000 

10,000 

-124 

3 

25 

5,000 

5,700 

-117 

4 

25 

10,000 

10,200 

-116 

5 

50 

5,000 

5,000 

-105 

6 

50 

10,000 

11,900 

-101 

7 

75 

5,000 

6,000 

-93 

8 

75 

10, 000 

12,000 

-91 

9 

100 

5,000 

6,000 

— 

10 

100 

10,000 

11,000 

— 

aAmine  endgroups  were  titrated  with  0.1  N  alcoholic  HC1. 
—  indicates  samples  not  run. 


Note : 


WEIGHT  PERCENT  DIPHENYL  OR  TRIFLUOROPROPYLMETHYL 


SILOXANE  COMPOSITION  VERSUS  T 

& 


Tg(°C) 


□  Diraethyl-co-diphenyl  siloxane 
•  Dimethyl-co-trifluoropropylmethyl  siloxane 

Figure  27:  The  effecr  of  siloxane  composition  on  glass 
transition  temperature. 
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4.1.2  Hydroxyl-Terminated  Polyarylester  Oligomers 
4. 1.2.1  Synthesis  and  Structural  Analysis 

Several  techniques  are  available  for  polyester  synthe¬ 
sis  as  previously  discussed  in  the  literature  review. 
Polyesters  synthesized  from  bisphenols  and  acid  chlorides 
have  generally  been  prepared  via  interfacial  routes  which 
are  facile  and  provide  high  molecular  weight  polymers  in 
relatively  short  reaction  times  [54,56].  However,  it  is 
difficult  to  reproducibly  prepare  difunctional  oligomers  of 
controlled  molecular  weight  by  this  technique  for  use  in 
subsequent  copolymerization  reactions.  Therefore,  a  solu¬ 
tion  technique  was  developed  and  involved  the  reaction  of 
excess  bisphenol-A  with  acid  chlorides  in  the  presence  of 
triethylamine  which  served  as  an  acid  acceptor  and  catalyst. 
The  synthetic  route  is  illustrated  in  Scheme  23. 

The  desired  molecular  weight  and  functionality  were 
obtained  through  the  use  of  a  stoichiometric  imbalance  of 
reactants  according  to  Carother's  equation  [9]  (see  Appendix 
B) .  The  calculated  excess  of  bisphenol-A  provides  molecular 
weight  control  and  hydroxyl  functionality.  Amorphous 
polyesters  were  ensured  by  incorporating  equal  amounts  of 
terephthaloyl  and  isophthaloyl  chlorides  [54,55]. 

Structure  analysis  was  determined  by  FTIR  and  proton 
NMR  as  shown  in  Figure  28  and  29,  respectively.  The 


Scheme  23 


Hydroxyl -Terminated  Polyarylester  Oligomer  Synthesis 


WPV£NL'M££PS 


.gure  28: 


An  FTIR  spectrum  of  an  hydroxyl- terminated 
polyarylester  oligomer. 
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Figure  29:  A  proton  NMR  spectrum  of  an  hydroxyl-terminated 
polyarylester  oligomer. 


observed  FTIR  bands  and  their  assignments  are  listed  in 
Table  15.  The  strong  ester  and  hydroxyl  bands  indicate  that 
an  hydroxyl- terminated  polyarylester  was  indeed  prepared. 

The  proton  NMR  peak  positions  and  splitting  patterns 
listed  in  Table  16  are  expected  for  the  polyarylester  struc¬ 
ture.  For  low  molecular  weight  oligomers,  a  small  peak  at 
about  4.5  ppm  due  to  the  OH  endgroups  may  be  observed.  How¬ 
ever,  for  high  molecular  weight  samples,  no  peak  due  to  the 
few  hydroxyl  group  hydrogens  can  easily  be  detected. 

4. 1.2.2  Characterization 

One  requirement  for  preparation  of  high  molecular 
weight  polymers  by  condensation  (or  step  growth)  polymeriza¬ 
tion  is  exact  stoichiometry.  Therefore,  the  Mn  of  each 
difunctional  oligomer  must  be  accurately  determined.  End- 
group  analysis  by  titration  was  not  accomplished  as  easily 
for  the  hydroxyl  functionality  as  was  the  previously  dis¬ 
cussed  amine  functional  siloxane  oligomers.  One  difficulty 
encountered  is  that  of  obtaining  a  sharp  endpoint  in  these 
non-aqueous  titrations.  A  major  source  of  the  problem  is 
water  contaminated  solvent  which  leads  to  large  solvent 
blanks  as  well  as  "swamped  out"  endpoints.  Therefore,  it 
was  important  to  use  freshly  distilled  solvent  [131]. 
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TABLE  15 

FTIR  Band  Assignments  for  Hydroxyl-Terminated  Polyarylester 

Oligomers 


• 

Frequency  (cm”*) 

Assignment 

3500 

0-H 

stretch 

• 

3050 

C-H 

stretch. 

aromatic 

2950 

C-H 

stretch. 

aliphatic 

1750 

Ester  carbonyl  stretch 

• 

1600, 1500 

C-C 

stretch. 

aromatic 

1400-1200 

0-0 

1270-1170 

Strong  ester 

bands 

1150 


C-0 


TABLE  16 


Proton  NMR  Peak  Positions  and  Assignments  for 

Hydroxyl-Terminated  Polyarylester  Oligomers 
* 


Peak  (ppm) 

Assignment 

0.0, 

singlet 

TMS  reference  and  lock 

1.7, 

singlet 

Xsopropyledene  hydrogens  derived 
from  bisphenol-A 

7.3, 

AA'BB' 

multiplet 

Aromatic  hydrogens  derived  from 
bi sphenol-A 

7.5, 

triplet 

Aromatic  hydrogen  derived  from 
isophthaloyl  cloride 

8.2, 

singlet 

Aromatic  hydrogens  derived  from 
terephthaloyl  chloride 

8.3, 

doublet 

Aromatic  hydrogens  derived  from 
isophthaloyl  chloride 

8.8, 

singlet 

Aromatic  hydrogen  derived  from 
isophthaloyl  chloride 

179 


To  verify  the  sometimes  questionable  fin  values  obtained 
from  endgroup  titration,  proton  NMR  was  used.  The  few  end* 
group  hydrogens  were  not  easily  detected,  therefore,  the 
hydroxyl  endgroups  were  capped  with  trimethylsilicon  groups 
to  enhance  the  proton  NMR  endgroup  signal.  The  capping 
reaction  involves  the  use  of  hexamethyldisilazane  and  is 
illustrated  in  Scheme  24.  The  reaction  was  allowed  to  run 
until  the  hydroxyl  band  in  the  FTIR  spectrum  was  no  longer 
observable.  The  proton  NMR  of  the  hydroxyl-terminated  poly- 
arylester  is  compared  to  that  of  the  capped  oligomer  in  Fig¬ 
ure  30.  The  Mn  values  calculated  from  the  integration  ratio 
of  the  trimethylsiloxy  group  at  0.3  ppm  to  the  bisphenol-A 
isopropylidene  group  at  1.6  ppm  agreed  well  with  titrated 
values.  For  example,  hydroxyl- terminated  oligomers  titrated 
to  5,100  and  10,000  g/mole  had  Hn  values  from  proton  NMR  of 
5,200  and  9,900  g/mole,  respectively.  Before  and  after  cap¬ 
ping,  no  change  in  intrinsic  viscosity  was  noted. 

Differential  scanning  calorimetry  (DSC)  was  used  to 
evaluate  the  thermal  properties  of  the  polyarylester  oligom¬ 
ers.  A  typical  DSC  trace  is  shown  in  Figure  31.  Due  to 
their  highly  aromatic  character,  relatively  high  glass  tran¬ 
sitions  were  observed.  The  thermal  characteristics,  along 
with  other  properties  of  the  polyarylester  oligomers,  are 
listed  in  Table  17.  The  low  intrinsic  viscosity  values 
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Scheme  24 


Capping  Hydroxyl  Terminated  Polyarylesters 


10  987  *  5  4  J  2  I  0 


Figure  30:  Proton  NMR  spectra  of  a  polyarylester  oligomer 
before  and  after  capping. 


MCAL/SEC 


Figure  31:  A  DSC  trace  of  a  10,000  Mn  polyarylester 
oligomer . 
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TABLE  17 

Polyarylester  Oligomer  Characteristics 


Sample 

Number 

Mn 

Theory 

Titrated 

25°C 

[t,1CH2C12 

%  Yield 

DSC 

Tg(#  C) 

1 

5,000 

5,100 

0.27 

75 

171 

2 

5,000 

5,100 

0.27 

75 

171 

3 

10,000 

9,900 

0.39 

77 

174 

4 

10,000 

10,000 

0.37 

75 

178 

184 


1 


W 


9 


f 


reflect  the  low  molecular  weights  of  the  oligomers.  It  was 
difficult  to  isolate  such  low  molecular  weight  materials 
because  they  are  fine  powders.  Therefore,  the  relatively 
low  reaction  yields  are  attributed  to  mechanical  losses  dur¬ 
ing  work-up. 


4.2  SYNTHESIS  AND  CHARACTER I ZAT I ON  OF  HIGH  MOLECULAR 
WEIGHT  BLOCK  POLYMERS 

4-2.1  Perfectly  Alternating  Block  Co-  and  Terpolymers 
4.2. 1.1  Synthesis  and  Structural  Analysis 

The  well-known  reaction  of  silylamines  with  hydroxyl 
compounds  proceeds  as  follows: 


3Si-N=  +  HOR  -  HSi-OR  +  H-N= 


In  the  early  1970's,  Noshay  and  coworkers  [96,97]  employed 
the  reaction  of  well-characterized  hydroxyl-terminated  aro¬ 
matic  polyethers  (i.e.,  polysulfone ) ,  poly(bisphenol-A 
terephthalate) ,  poly (bisphenol-A  isophthalate ) ,  and 
poly(2, 2, 4, 4-tetramethyl-l, 3-cyclobutylene  carbonate)  with 
si lylamine- terminated  polydimethylsiloxanes  in  chloroaro- 
matic  solvents  to  produce  perfectly  alternating  (A-B)n  block 
copolymers.  These  structures  are  well-defined  and  strictly 
controlled,  since  the  organic  and  siloxane  oligomers  can 
interact  with  each  other  but  not  with  themselves.  As  a 


result,  the  structure  of  the  blocks  in  the  copolymers  is 
identical  with  that  of  the  oligomers.  The  reactions  were 
observed  to  proceed  at  high  rates  in  those  cases  where  aro¬ 
matic  hydroxyls  were  the  terminal  group.  The  rate  of  block 
copolymer  formation  was  considerably  slower  with  the  less 
acidic  and  more  sterically  hindered  cycloaliphatic  hydroxyl 
functions. 

The  properties  of  organosiloxane  block  copolymers  are 
very  interesting  due  to  their  two-phase  morphological  behav¬ 
ior,  which  is  a  result  of  the  microincompatibility  of  the 
dissimilar  blocks.  The  morphology  of  these  block  copolymers 
is  dependent  upon  molecular  weight  [132].  The  critical 
block  molecular  weight  (Mn)  level  is  about  2,000  to  5,000. 
Below  this  level,  single-phase  systems  are  obtained  with  the 
properties  characteristic  of  random  copolymers.  Above  this 
level,  two-phase  morphological  systems  are  obtained  which 
display  properties  characteristic  of  both  homopolymers.  As 
expected  with  two-phase  systems,  two  glass  transitions  are 
observable. 

To  produce  siloxane-ester  block  copolymers  potentially 
suitable  for  passive  damping  applications  in  the  space  envi¬ 
ronment,  the  silylamine-hydroxyl  condensation  reaction  was 
used.  To  enhance  damping  characteristics,  yet  retain  a 
two-phase  morphology,  silylamine-terminated  siloxane  co-oli- 


gomers  were  copolymerized  with  hydroxyl- terminated  polyaryl- 
ester  oligomers.  The  two  co-oligomer  compositions  used  in 
this  work  were  (1)  dimethyl-diphenyl  siloxanes  and  (2) 
dimethyl-trif luoropropylmethyl  siloxanes.  The  miscibility 
of  the  siloxane  phase  with  the  organic  phase  is  influenced 
by  siloxane  composition  and  block  molecular  weight 
[188,189].  The  defined  system  variables  and  the  systematic 
series  of  siloxane-ester  block  co-  and  terpolymers  studied 
in  this  research  are  listed  in  Tables  18  and  19,  respec¬ 
tively.  The  generalized  reaction  scheme  for  the  preparation 
of  the  samples  listed  in  Table  19  is  illustrated  in  Scheme 
25. 

Structure  analysis  of  the  siloxane-ester  block  co-  and 
terpolymers  was  accomplished  by  FTIR  and  proton  NMR;  typical 
spectra  are  shown  in  Figures  32  and  33,  respectively.  From 
FTIR  it  can  be  seen  that  the  copolymer  spectrum  is  a  combi¬ 
nation  of  the  siloxane  (Figure  12)  and  ester  (Figure  28) 
oligomer  spectra.  As  anticipated,  the  band  from  the 
hydroxyl  endgroups  of  the  ester  oligomer  is  no  longer 
observable  in  the  copolymer  spectrum.  The  copolymer  band 
assignments  are  listed  in  Table  20. 

The  proton  NMR  spectra  of  the  copolymers  are  simply  a 
combination  of  the  component  oligomers.  The  peak  assign¬ 
ments  and  splitting  patterns  of  a  typical  siloxane-ester 
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TABLE  18 

System  Variables 


Degree  of  phase  mixing  dependent  upon: 

1.  Block  molecular  weights  (Mn) 

5,000  and  10,000  g/mole 


Block  solubility  parameter 

(5)  (cal/cm' 

Si(CH3)20 

7.5 

Si(0)2O 

9.5 

si ( ch3 ) ( ch2ch2cf3 ) 0 

9.6 

Polyarylestera 

11.0 

Calculated  from  VanKrevelen  [175],  siloxane  6 
from  literature  [7], 


TABLE  19 


Perfectly  Alternating  Block  Copolymer  Compositions 


COPOLYMERS 


Polyary lester 


Siloxane  Composition8 

r  100%  ch3 

75%  CH3  with  25%  0 
75%  CH3  with  25%  F 
50%  CH3  with  50%  0 
50%  CH3  with  50%  F 
25%  CH3  with  75%  0 
25%  CH3  with  75%  F 


TERPOLYMERS 

r-  25%  CH3  with  75%  0 
Polyarylester-PDMSb— U  25%  CH3  with  75%  F 

L  100%  F 

Composition  in  weight  percent;  CH3  =  dimethyl, 

0  *  diphenyl,  and  F  =  trifluoropropylmethyl . 

bPolydimethylsiloxane. 

cEster  and  siloxane  block  lengths  5,000  and/or  10,000  Mn. 
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Scheme  25 


Perfectly  Alternating  Block  Polymer  Synthesis 


HO-<Polyarylester  )r-OH 


(CH3 )2N(Siloxane)bN(CH3 )2  or  (CH3 )2N(Siloxane)bN(CH3 )2 


PDMS  or  Co-oligomer 


100%  dimethyl 


( CH3 ) 2N ( Si loxane ) bN ( CH3 ) 2 


Highly  diphenyl  or 
trifluoropropylmethyl 


Chlorobenzene  at  reflux  (132°C)j 
COPOLYMER  TERFOLYMER 


Polyary lester ) # ( Si loxane )b^n 


4000 


3000 


1 - - « - 1  _ - r- 


2000  1500 

WAVENUMBERS 


1000 


500 


Figure  32:  The  FTIR  spectrum  of  a  perfectly  alternating 
polydimethyl si loxane-ester  block  copolymer. 
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Figure  33: 


The  proton  NMR  spectrum  of  a  perfectly 
alternating  polydimethylsiloxane-ester  block 
copolymer.  Block  lengths  5,000  Mn. 
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TABLE  20 

Perfectly  Alternating  Polydimethylsiloxane-Ester  Block 
Copolymer  FTIR  Band  Assignments 


Frequency  (cm”^) 

Assignment 

3050 

C-H  stretch,  aromatic 

2950 

1 

C-H  stretch,  aliphatic 

1750 

Ester  carbonyl  stretch 

1600, 1500 

C-C  stretch,  aromatic 

1410 

CH-  asymmetric  deformation 

J  1 

1275 

CH^  symmetric  deformation  ! 

1270-1170 

Strong  ester  bands 

1100-1000 

Si-O-Si  stretch  vibration 

copolymer  are  listed  in  Table  21.  From  the  integration 


ratio  of  the  Si ( 0112)2°  peak  at  0.3  ppm  to  the  isopropylidene 
peak  of  the  polyarylester  at  1.7  ppm,  the  percent  siloxane 
incorporated  can  be  calculated.  In  general,  the  percent 
siloxane  incorporation  was  quantitative. 

4.2. 1.2  Molecular  Weight  Determination 

Analysis  of  molecular  weight  utilized  intrinsic  viscos¬ 
ity  measurements,  n,  and  size  exclusion  chromatography,  SEC 
(or  gel  permeation  chromatography,  GPC).  Intrinsic  viscosi¬ 
ties  were  used  to  quickly  obtain  an  idea  of  the  co-  and  ter- 
polymer's  relative  molecular  weights  and  SEC  was  used  to 
obtain  qualitative  information  concerning  molecular  weight 
distributions. 

Viscometrv 

Viscometry  is  one  of  the  oldest,  and  most  popular, 
experiments  to  quickly  determine  relative  molecular  weights 
of  macromolecules.  The  basis  of  this  experiment  is  derived 
from  the  ability  of  macromolecules  to  increase  the  viscosity 
of  a  solvent  when  they  are  placed  in  a  dilute  solution.  The 
intrinsic  viscosities,  (ti],  of  the  co-  and  terpolymers  are 
relatively  high  and  each  sample  formed  a  tough,  solvent  cast 
transparent  film.  Both  these  factors  indicate  that  the 
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TABLE  21 

Perfectly  Alternating  Polydimethylsiloxane-Ester  Block 
Copolymer  Proton  NMR  Results 


Peak  (ppm)  Assignment 


0.3, 

singlet 

Dimethylsiloxane  hydrogens 

1.7, 

singlet 

Isopropyledene  hydrogens  derived 
from  bisphenol-A 

5.3, 

lock 

CH2C12  reference  and  lock 

7.3, 

AA'BB' 

multiplet 

Aromatic  hydrogens  derived 
bisphenol-A 

from 

7.5, 

triplet 

Aromatic  hydrogens  derived 
isophthaloyl  chloride 

from 

8-2, 

singlet 

Aromatic  hydrogens  derived 
terephthaloyl  chloride 

from 

8-3, 

doublet 

Aromatic  hydrogens  derived 
isophthaloyl  chloride 

from 

8.8,  singlet 


Aromatic  hydrogens  derived  from 
isophthaloyl  chloride 
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polymers  are  of  sufficient  molecular  weight  to  be  useful. 
The  quantitative  results  from  viscosity  measurements,  along 
with  reaction  yields,  are  presented  in  Tables  22  through  25. 


Size  Exclusion  Chromatograph 


SEC  was  used  as  a  qualitative  check  on  the  nature  of 
molecular  weight  and  molecular  weight  distribution.  SEC 
fractionation  occurs  from  exposure  of  a  pressurized  polymer 
solution  to  a  distribution  of  micropores  in  a  packed  column. 
The  diffusional  volume  accessible  to  smaller  molecules  is 
greater  than  that  for  larger  molecules.  Consequently, 
larger  molecules  elute  from  the  column  first.  Such  behavior 
was  observed  in  this  work;  representative  SEC  curves  are 
shown  in  Figure  34.  The  two  siloxane-ester  block  copolymer 
SEC  traces  are  observed  at  low  elution  volumes,  indicating 
higher  molecular  weights  than  the  polyarylester  oligomer 
observed  at  a  higher  elution  volume.  Both  the  polyarylester 
oligomer  and  the  block  copolymers  display  broad,  unimodal 
distributions  of  molecular  weight  typical  of  step-growth  or 
condensation  polymers.  However,  it  should  be  noted  that  the 
SEC  curves  in  Figure  34  will  not  represent  molecular  weight 
distributions  until  the  elution  volume  scale  is  converted  to 
a  molecular  weight  scale.  Unf ortunately,  a  calibration 
problem  arises  since  suitable  standards  are  largely  unavail- 


to: 


TABLE  22 


TABLE  23 


Intrinsic  Viscosities  of  (Dimethyl -Diphenyl ) siloxane-Ester 

Block  Copolymers 


Mn 

Sample  PSX  PSX/PE  25°C 

Number  Corap. a  Segments  fT,1CH2Cl2  %  Yield 


1 

25 

0 

2 

25 

0 

3 

25 

0 

4 

25 

0 

5 

50 

0 

6 

50 

0 

7 

50 

0 

8 

50 

0 

9 

75 

0 

10 

75 

0 

11 

75 

0 

12 

75 

0 

6,300/4,800 

15,000/4,800 

6,300/10,100 

15,000/10,900 

5,400/5,000 

11,800/5,000 

5,400/10,000 

11,800/10,000 

5,000/5,000 

11,500/5,000 

5,000/10,000 

11,500/10,000 


0.34  86 
0.45  84 
0.57  87 
0.51  84 

0.51  86 
0.68  82 
0.47  84 
0.43  88 

0.39  80 
0.28  60 
0.20  80 
0.32 


aSiloxane  composition  in  weight  percent;  0  =  diphenyl 
siloxane,  remaining  percentages  are  dimethyl  siloxane 
units. 
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TABLE  24 

Intrinsic  Viscosities  of  (Dimethyl-Trif luoropropylmethyl ) 
siloxane-Ester  Block  Copolymers 


Sample 

Number 

PSX 

Comp . a 

Mn 

PSX/PE 

Segments  ^ 

25°C 

ch2ci2 

% 

Yield 

1 

25  F 

7,800/4,800 

0.32 

62 

2 

25  F 

14,200/4,800 

0.41 

85 

3 

25  F 

7,800/10, 100 

0.34 

86 

4 

25  F 

14,200/10, 100 

0.56 

88 

5 

50  F 

5,700/5,100 

0.71 

81 

6 

50  F 

11,500/5,100 

0.62 

83 

7 

50  F 

5,700/10,900 

0.40 

82 

8 

50  F 

11,500/10,900 

0.43 

73 

9 

75  F 

6,000/5,000 

0.30 

71 

10 

75  F 

13,000/5,000 

0.38 

76 

11 

75  F 

6,000/10,000 

0.26 

86 

12 

75  F 

13,000/10,000 

0.58 

92 

aSiloxane 

composition 

in  weight  percent;  F 

=  trifluoro 

- 

propylmethyl  siloxane,  remaining  percentages  are  dimethyl 
siloxane  units. 


TABLE  25 


l 

Intrinsic  Viscosities  of  Siloxane-Ester  Block  Terpolymers 


Sample  PSX  Mn  25°C 

Number  Comp.a  PSX/PDMSb/PE  *nlCH2Cl2  %  Yield 


1 

75  0 

5,000/5,000/5,000 

0.41 

76 

• 

2 

75  0 

10,000/10,000/5,000 

0.37 

73 

3 

75  0 

5,000/5,000/10,000 

0.24 

78 

4 

75  0 

10,000/10, 000/10,000 

0.28 

79 

• 

5 

75  F 

6,000/5,000/5,000 

0.30 

82 

6 

75  F 

13,800/11,400/5,000 

0.36 

85 

• 

7 

75  F 

6,000/5,000/10,000 

0.44 

83 

8 

75  F 

13 , 800/11 , 400/10 , 000 

0.36 

83 

9 

100  F 

5 , 000/5 , 000/5 , 000 

0.25 

74 

• 

10 

100  F 

13,000/10,000/5,000 

0.29 

73 

11 

100  F 

5,000/5,000/10,000 

0.20 

80 

12 

100  F 

13 , 000/10 , 000/10 , 000 

0.41 

75 

Siloxane  composition  in  weight  percent;  0  -  diphenyl 
siloxane,  F  =  trif luoropropylmethyl  siloxane,  and 
remaining  percentages  are  dimethyl  siloxane  units. 
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able  for  new  polymers,  copolymers,  or  branched  polymers 
1176] . 

4.2. 1.3  Thermal  Analysis 

Thermal  properties  are  important  in  determining  polymer 
performance  and  applications.  Several  techniques  are  avail¬ 
able  to  measure  thermal  properties;  the  four  utilized  in 
this  work  include:  (1)  differential  scanning  calorimetry 
(DSC),  (2)  thermomechanical  analysis  (TMA) ,  (3)  thermogravi- 
metric  analysis  (TGA),  and  (4)  dynamic  mechanical  thermal 
analysis  (DMTA) .  A  discussion  of  DMTA  will  be  included  in  a 
subsequent  section  concerned  with  mechanical  properties. 


Differential  Scanning  Calorimetr 


DSC  is  a  thermal  analysis  technique  that  measures  the 
quantity  of  energy  absorbed  or  evolved  by  a  sample,  in  calo¬ 
ries,  as  its  temperature  is  changed.  This  is  accomplished 
by  heating  a  sample  and  an  inert  reference  and  measuring  the 
difference  in  energy  required  to  heat  the  two  at  a  program¬ 
med  rate.  At  a  transition  point  (glass  transition  (Tg), 
crystallization,  (Tc)  or  melting  (Tm)),  the  sample  requires 
either  more  or  less  energy  than  the  reference,  depending  on 
whether  the  change  is  endothermic  or  exothermic. 


The  si loxane-ester  block  co-  and  terpolyrner  DSC  results 
are  presented  in  Tables  26  through  29.  Microphase  separa¬ 
tion  of  the  component  blocks  is  indicated  by  the  fact  that 
two  Tg  values  are  observed  for  each  sample.  The  low  temper¬ 
ature  transitions  are  attributed  to  the  "soft"  siloxane 
phases  and  in  most  cases  they  agree  with  the  Tg  values  of 
the  siloxane  oligomers,  suggesting  a  low  or  negligible 
degree  of  mixing  of  the  ester  phase  into  the  siloxane  phase. 
It  is  interesting  to  note  that  in  addition  to  a  glass  tran¬ 
sition,  crystallization  and  melting  transitions  are  dis¬ 
played  by  copolymers  containing  a  siloxane  phase  composed  of 
dimethyl  siloxane  units  only.  This  type  of  thermal  behavior 
is  expected  since  long  dimethyl  siloxane  sequences  are  sym¬ 
metrical  and,  therefore,  crystallizable.  This  observation 
was  also  noted  for  the  previously  discussed  functional  poly- 
dimethylsiloxane  oligomers.  No  crystallization  or  melting 
transitions  were  displayed  by  siloxane  phases  containing 
dimethyl  units  and  trif luoropropylmethyl  units  or  moderate 
amounts  of  diphenyl  units  which  disrupt  the  symmetry  of 
dimethyl  siloxane  sequences.  For  comparative  purposes, 
experimental  DSC  traces  for  the  low  temperature  transition 
of  three  different  si loxane-ester  block  copolymers  are  shown 
in  Figure  35  and  36. 


TABLE  26 


Thermal  Properties  of  Dimethylsiloxane-Ester  Block 

Copolymers 


Sample 

Number 

Si loxane 

Mn 

Block 

Tg(°C)a 

Ester 

Mn 

Block 

Tg(°C) 

Copolymer*5 

Tg(°C) 

1 

6,000 

-123 

5,100 

171 

-123,  135 

2 

10,500 

-123 

5,100 

171 

-126,  158 

3 

6,000 

-123 

9,900 

174 

-123,  168 

4 

10,500 

-123 

10,500 

175 

-125,  173 

dimethyl  siloxanes  also  display  Tc  and  Tm  at  -96  and 
-62°C,  respectively. 

^Copolymers  containing  dimethyl si loxane  segments  display 
Tc  and  Tm  at  -85  and  -45 °C,  respectively. 
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Thermal  Properties  of  (Dimethyl-Diphenyl ) si loxane-Ester 

Block  Copolymers 


Sample 


Siloxane  Block 


Ester  Block 


Copolymer 


Number 

Comp . a 

Mn 

Tg(°C) 

Mn 

Tg(°C) 

Tg( 

°C) 

1 

25  0 

6,300 

-102 

4,800 

144 

-98, 

141 

2 

25  0 

15,000 

-104 

4,800 

144 

-102, 

b 

3 

25  0 

6,300 

-102 

10, 100 

178 

-105, 

178 

4 

25  0 

15,000 

-104 

10,860 

180 

-105, 

176 

5 

50  0 

5,400 

-74 

5,000 

171 

-61, 

156 

6 

50  0 

11,800 

-71 

5,000 

171 

-64, 

156 

7 

50  0 

5,400 

-74 

10,000 

174 

-72, 

175 

8 

50  0 

11,800 

-71 

10,000 

174 

-69, 

176 

9 

75  0 

5,000 

— 

5,000 

155 

*  / 

147 

10 

75  0 

11,500 

— 

5,000 

155 

**  / 

148 

11 

75  0 

5,000 

— 

10,000 

157 

""  / 

142 

12 

75  0 

11,500 

— 

10,000 

170 

164 

TABLE  28 


206 


TABLE  29 

Thermal  Properties  of  Siloxane-Ester  Block  Terpolymers 


Sample  Siloxane  Block  PDMS^  Block  Ester  Block 


Number  Comp . 

a  fin 

Tg(°C) 

fin 

Tg(°C) 

fin 

Tg(°C 

1 

75 

0 

5,000 

— 

5,000 

-124 

5,000 

171 

2 

75 

0 

10,000 

— 

10,000 

-123 

5,000 

171 

3 

75 

0 

5,000 

— 

5,000 

-124 

10,000 

174 

4 

75 

0 

10,000 

— 

10,000 

-123 

10,000 

174 

5 

75 

F 

6,000 

-93 

5,000 

-124 

5,000 

171 

6 

75 

F 

13,800 

-91 

11,400 

-123 

5,000 

171 

7 

75 

F 

6,000 

.  -93 

5,000 

-124 

10,000 

174 

8 

75 

F 

13 , 800 

-91 

11,400 

-123 

10,000 

174 

9 

100 

F 

5,000 

— 

5,000 

-124 

5,000 

171 

10 

100 

F 

13,000 

— 

10,000 

-123 

5,000 

171 

11 

100 

F 

5,000 

— 

5,000 

-124 

10,000 

174 

12 

100 

F 

13 , 000 

— 

10,000 

-123 

10,000 

174 

aSiloxane  composition  in  weight  percent;  Z  =  diphenyl 
siloxane,  F  =  trif luoropropylmethyl  siloxane,  remaining 
percentages  are  dimethyl  siloxane  units. 

bPolydimethylsiloxane. 

Note:  —  indicates  sample  not  run. 
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Perfectly  Alternating 
Siloxane- Ester  Block  Copolymer 


PSX  Block:  100  CH. 


TEMPERATURE  (UC) 


Figure  35:  Experimental  low  temperature  DSC  curve  of  a 
siloxane-ester  block  copolymer. 
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The  high  temperature  transition  of  each  block  co-  and 
terpolymer  is  attributed  to  the  "hard"  polyarylester  phase. 
From  the  data  presented  in  Tables  26  through  29,  it  is  read¬ 
ily  apparent  that  the  block  polymer  high  temperature  tran¬ 
sitions  are  generally  lower  than  those  of  the  polyarylester 
homopolymers.  It  is  probable  that  there  is  some  degree  of 
mixing  of  the  siloxane  phase  into  the  ester  phase.  This 
would  plasticize  the  ester  phase,  thereby  lowering  its  glass 
transition  temperature.  However,  this  would  not  necessarily 
be  accompanied  by  an  increase  of  the  siloxane  phase  glass 
transition  temperature  if  the  only  mixing  taking  place  was 
of  the  siloxane  into  the  ester  phase. 

The  degree  of  phase  mixing  appears  to  be  dependent  upon 
block  molecular  weight  and  siloxane  composition,  as  one 
would  expect.  As  previously  mentioned,  block  copolymers 
consisting  of  low  molecular  weight  blocks  (55,000  Mn)  have  a 
tendency  to  undergo  phase  mixing  more  readily  than  block 
copolymers  containing  higher  molecular  weight  blocks.  In 
contrast  to  5,000  Bn  ester  segments,  the  Tg  values  of  the 
10,000  Bn  ester  blocks  were  not  observed  to  change  signifi¬ 
cantly  after  copolymerization.  Thus,  block  copolymers  with 
10,000  Mn  segments  do  not  phase  mix  as  readily  as  block 
copolymers  with  5,000  Mn  segments. 


Phase  mixing  was  also  influenced  by  siloxane  composi¬ 
tion.  As  the  dimethyl  content  of  a  siloxane  oligomer  is 
decreased  by  incorporation  of  diphenyl  or  trifluoropropyl- 
methyl  siloxane  units,  the  ability  of  the  siloxane  phase  to 
mix  with  the  organic  phase  is  increased.  Phase  mixing  is 
observed  by  an  increase  in  the  low  temperature  transition  of 
the  block  copolymer  relative  to  the  siloxane  co-oligomer  Tg 
prior  to  copolymerization.  No  such  change  in  Tg  was  noted 
for  a  dimethylsiloxane  oligomer  copolymerized  with  a  poly- 
arylester  oligomer. 

The rmomechani cal  Analysis 

TMA,  in  the  penetration  mode,  was  used  to  study  the 
modulus  of  the  block  copolymers  as  a  function  of  tempera¬ 
ture.  It  should  be  noted  that  TMA  is  not  an  absolute  ana¬ 
lytical  technique,  but  it  is  useful  for  comparative  pur¬ 
poses.  Figure  37  illustrates  typical  TMA  curves  for  two 
siloxane  co-oligomers  and  two  perfectly  alternating  silox- 
ane-ester  block  copolymers.  Unfortunately,  the  polyaryles- 
ter  oligomers  used  to  synthesize  the  block  copolymers  were 
of  too  low  a  molecular  weight  to  prepare  films  suitable  for 
TMA.. 


As  in  the  DSC  studies,  each  block  copolymer  displayed 
two  transitions,  one  for  each  component  of  the  microphase 
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separated  block  copolymer  system.  Above  the  low  temperature 
transition  of  the  siloxane  phase,  material  integrity  is 
maintained  (broad  plateau)  until  the  high  temperature  tran¬ 
sition  of  the  ester  phase  is  surpassed. 

Thermogravimetric  Analysis 

TGA  involves  the  continuous  monitoring  of  sample  weight 
as  temperature  is  increased  at  a  constant  rate.  Components 
of  a  polymer  volatilize  or  decompose  at  various  temperatures 
and  are  quantitatively  measured  in  terms  of  percent  weight 
loss.  Typical  TGA  curves  are  shown  in  Figure  38. 

4.2. 1.4  Mechanical  Properties 

Stress-Strain  Behavior 

Along  with  thermal  properties,  mechanical  properties 
are  among  the  most  important  properties  in  determining  end- 
use  applications  of  polymeric  materials.  In  this  work, 
stress-strain  behavior  and  dynamic  mechanical  thermal  analy¬ 
sis  (DMTA)  were  utilized  to  evaluate  the  mechanical  proper¬ 
ties  of  the  siloxane  modified  polyarylester  block  copoly¬ 
mers  . 

Tensile  property  determinations  were  made  using  an 
Instron  table  model  tensile  tester.  Dogbone  shaped  samples 
were  cut  from  solution  cast  or  compression  molded  polymer 
films  using  a  die.  Each  sample  was  subjected  to  tensile 


Figure  38:  TGA  curves  of  si  loxane-ester  block  copolymers 


forces  at  the  rate  of  10  mm/minv  »  under  ambifent  conditions. 
Modulus,  tensile  stress,  and  percent  elongation  at  break 
were  determined  from  the  load  extension  plot. 

The  stress-strain  diagram  illustrated  in  Figure  39 
[177]  is  typical  of  that  obtained  in  tension  for  a  constant 
rate  of  loading.  The  initial  portion  of  the  stress-strain 
curve  between  points  A  and  C  is  linear  and  it  follows 
Hooke's  Law  which  states  that  for  an  elastic  material  the 
stress  is  proportional  to  the  strain.  From  the  initial, 
linear  portion  of  this  curve  the  modulus  (measure  of  mater¬ 
ial  stiffness)  may  be  determined  from  the  ratio  of  stress  to 
corresponding  strain.  The  behavior  of  the  plastic  material 
in  the  linear  region  is  essentially  elastic  in  nature  and, 
therefore,  the  deformations  are  recoverable.  However, 
extensions  that  occur  beyond  the  yield  point  or  the  elastic 
limit  of  the  material  are  not  recoverable.  These  deforma¬ 
tions  occur  due  to  the  actual  displacement  of  the  molecules 
with  respect  to  each  other  and  permanent  set  occurs. 

Typical  experimental  stress- strain  data  and  curves  are 
illustrated  in  Table  30  and  Figures  40  and  41.  The  results 
are  dependent  upon  block  molecular  weights  and  siloxane  com¬ 
position.  In  general,  samples  with  high  siloxane  content 
show  superior  elongations  at  break,  but  low  modulus  values. 
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STRAIN 


Figure  39:  A  typical  stress-strain  curve  [177] 
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TABLE  30 

Mechanical  Properties  of  Filins  Cast  from  CH^Cl^  Solutions  of 
Siloxane-Ester  Block  Copolymers 


1 

%  Elon- 

V 

V 

Tensile 

gation 

£  Sample 

Modulus 

Stress 

at 

£  Composition 

& 

psi  MPa 

psi  MPa 

Break 

~ 

5K  PE/SK  PSX(CH3) 

12,500 

86 

2,300 

16 

146 

1 

5K  PE/10K  PSX(CH3) 

1,400 

9 

1,400 

10 

202 

s 

10K  PE/5K  PSX(CH3) 

29,000 

200 

4,400 

31 

34 

1  4- 

10K  PE/10K  PSX(CH3) 

9,700 

67 

1,500 

10 

47 

rm 

/.  c 

V  5. 

Vk 

10K  PE/5K  PSX( 250) 

51,000 

354 

6, 100 

42 

58 

i 

10K  PE/5K  PSX(5O0) 

68 , 000 

470 

4,400 

31 

58 

h  7 

10K  PE/5K  PSX( 25F) 

32,000 

218 

1,300 

9 

16 

&  8- 

i  _ 

10K  PE/5K  PSX( 50F) 

39 , 000 

270 

3,900 

27 

30 

tested  as  8-10  mm  films  at  10  mm/minute. 
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40:  The  effect  of  block  molecular  weight  on  tensile 
properties  of  siloxane-ester  block  copolymers. 


5K  PE/5K  PSX  Perfectly  Alternating 
Block  Copolymers 


However,  samples  with  a  high  concentration  of  aromatic  ester 
display  low  elongations  at  break  and  high  modulus  values. 
For  example,  when  comparing  samples  2  and  3  in  Table  30,  it 
is  evident  that  the  high  soft  segment  content  of  sample  2  is 
responsible  for  the  low  modulus  and  the  high  elongation  at 
break.  On  the  other  hand,  sample  3  contains  a  high  hard 
segment  content  and  consequently  displays  a  higher  modulus 
and  a  lower  percent  elongation  at  break  relative  to  sample 
2.  The  effect  of  ester  block  length  in  diphenyl si lox- 
ane-ester  block  copolymers  is  illustrated  in  Figure  40. 

The  effect  of  siloxane  block  composition  is  illustrated 
in  Table  30  and  Figure  41.  The  flexible  nature  of  dimethyl- 
si  loxane  units  provides  a  soft  segment  with  a  low  glass 
transition  temperature  of  -123°C.  Therefore,  block  copoly¬ 
mers  containing  such  siloxane  units  display  a  low  modulus, 
low  tensile  stress,  and  high  elongation  when  compared  to 
block  copolymers  containing  the  more  rigid  diphenyl  and  tri- 
f luoropropylmethyl  siloxane  units.  The  presence  of  aromatic 
units  in  the  soft  segment  of  a  block  copolymer  influences 
the  mechanical  properties  by  providing  strength  which  is 
displayed  as  high  modulus,  high  tensile  stress,  and  high 
elongations.  On  the  other  hand,  trif luoropropylmethyl 
siloxane  units  provide  an  intermediate  modulus,  tensile 
stress,  and  elongation  when  compared  to  block  copolymers 
containing  dimethyl  or  diphenyl  siloxane  units. 
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Dynamic  Mechanical  Thermal  Analysis 


DMTA  was  used  to  study  the  modulus-temperature  behavior 
and  the  damping  characteristics  of  the  siloxane-ester  block 
co-  and  terpolymers.  The  following  parameters  may  be  deter¬ 
mined  from  DMTA  studies:  storage  modulus  (E*),  loss  modulus 
(E''),  and  loss  tangent  (tan  6  =  E'VE').  The  subsequent 
discussion  briefly  defines  these  parameters. 

When  the  stress  is  decomposed  into  its  two  components, 
the  ratio  of  the  in-phase  stress  to  the  strain  amplitude  is 
called  the  storage  modulus.  This  parameter  is  associated 
with  the  periodic  storage  and  complete  release  of  energy  in 
the  sinusoidal  deformation  process  of  the  dynamic  experi¬ 
ment.  The  ratio  of  the  out-of-phase  stress  to  the  strain 
amplitude  is  the  loss  modulus  and  reflects  the  nonrecovera- 
ble  use  of  applied  mechanical  energy  to  cause  flow  in  the 
specimen.  Tan  fi  measures  the  ratio  of  the  work  dissipated 
as  heat  to  the  maximum  energy  stored  in  the  specimen  during 
one  cycle  of  a  periodic  deformation.  The  conversion  of 
applied  work  to  thermal  energy  in  the  sample  is  called  damp¬ 
ing;  it  occurs  because  of  flow  of  macromolecular  segments 
past  each  other  in  the  sample.  Consequently,  damping  is  at 
a  maximum  at  Tg  (178,179].  DMTA  was,  therefore,  a  useful 
technique  in  determining  if  the  siloxane-ester  block  poly¬ 
mers  would  be  potentially  useful  as  passive  damping  materi- 
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To  serve  as  a  control  for  the  following  discussion  of 
block  polymer  DMTA,  the  log  E'  and  tan  5  versus  temperature 
curves  for  Ardel,  a  commercial  bisphenol-A  polyarylester, 
are  shown  in  Figure  42.  DMTA  shows  one  major  transition  at 
200°C,  the  glass  transition  temperature.  A  broad  secondary 
peak  centered  at  -70°C  is  also  observed.  Secondary  tran¬ 
sitions  arise  from  the  motions  of  side  groups  or  segments  of 
the  main  chain  that  are  smaller  than  those  involved  in  the 
displacements  associated  with  glass  transitions.  It  should 
be  noted  that  the  glass  transition  is  relatively  sharp, 
spanning  a  narrow  temperature  range.  The  tan  6  values  at 
temperatures  other  than  Tg  are  very  close  to  zero,  indicat¬ 
ing  negligible  damping. 

Representative  block  polymer  DMTA  curves  are  shown  in 
Figures  43-48.  Microphase  separation  was  indicated  by  the 
fact  that  two  glass  transitions  were  observed  for  each  block 
copolymer.  In  some  cases,  three  glass  transitions  were 
observed  for  the  block  terpolyraers.  In  general,  the  tran¬ 
sitions  cover  a  broader  temperature  range  than  that  observed 
in  Figure  42  for  the  polyarylester  homopolymer.  Also,  the 
damping  (tan  6)  of  the  block  polymers  remains  relatively 
high  at  temperatures  intermediate  to  the  low  siloxane  tran¬ 
sition  and  the  high  ester  transition.  Broader  transitions 
and  higher  damping  suggests  phase  mixing. 


i 
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Figure  43  illustrates  the  log  E'  and  tan  6  versus  temp¬ 
erature  curves  for  a  perfectly  alternating  polydimethylsi- 
loxane-ester  block  copolymer.  As  expected,  two  transitions 
are  observable;  one  for  each  component  of  the  copolymer. 
Both  transitions  are  broad  relative  to  Ardel.  The  broad 
secondary  transition  of  the  ester  phase  is  noted  at  -55°C. 
At  temperatures  intermediate  to  the  transition  temperatures, 
the  tan  5  values  are  higher  than  those  observed  in  Figure  42 
for  Ardel. 

Figures  44  and  45  illustrate  the  DMTA  results  for  per¬ 
fectly  alternating  siloxane-ester  block  copolymers  where  the 
siloxane  blocks  contain  equal  weight  percents  of  dimethyl 
and  diphenyl  units.  In  both  cases,  the  tan  6  peaks  are 
broad,  and  at  temperatures  intermediate  to  the  two  tran¬ 
sitions,  damping  remains  relatively  high.  These  facts  indi¬ 
cate  phase  mixing  which  is  anticipated  since  the  phenyl-con¬ 
taining  siloxane  phase  is  more  miscible  with  the  organic 
phase  than  is  an  all  dimethyl  siloxane  phase.  As  previously 
discussed,  this  is  due  to  the  change  in  solubility  parameter 
upon  incorporation  of  diphenyl  units  into  a  polydimethyl si¬ 
loxane  chain. 

When  comparing  the  samples  shown  in  Figures  44  and  45, 
the  only  difference  is  siloxane  block  molecular  weights.  In 
Figure  44,  both  the  siloxane  and  ester  blocks  are  approxi- 
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Figure  43:  DMTA  of  a  7,000  Mn  dimethylsiloxane-9 , 900  Mn 
ester  block  copolymer  (30Hz,  3°C/min). 


TEMPERATURE  (  C) 


Figure  44:  DMTA  of  a  5,400  Mn  siloxane  (50  CH^/SO  0)  - 

5,100  Mn  ester  block  copolymer  (30  Hz,  5°C/min) . 


mately  5,000  Mn.  A  small  change  in  log  E'  (0.5  Pa)  is 
observed  at  the  siloxane  transition  temperature  of  -55°C. 
This  sample  also  displays  a  broad  peak  at  -80°C  which  is 
likely  a  secondary  transition  of  the  ester  phase.  In  Figure 
45,  the  sample  contains  a  higher  percentage  of  soft  segments 
since  the  siloxane  block  length  is  11,800  Mn  and  the  ester 
block  length  is  about  5,000  Mn.  At  the  siloxane  transition 
temperature,  a  log  E'  decrease  of  almost  2  Pa  is  observed 
and  is  due  to  the  high  siloxane  content.  Similar  results, 
shown  in  Figures  46  and  47,  were  displayed  by  trif luoropro- 
pylmethyl-containing  siloxane-ester  block  copolymers. 

A  representative  siloxane-ester  block  terpolymer  is 
shown  in  Figure  48.  The  terpolymer  consists  of:  (1)  a  5,000 
Mn  ester  block,  (2)  a  5,000  Mn  dimethyl siloxane  block,  and 
(3)  a  5,000  Mn  trif luoropropylmethylsiloxane  block.  Each 
component  displays  a  tan  5  peak,  and  a  relatively  high 
degree  of  damping  is  observed  between  transitions. 

Table  31  illustrates  the  effect  of  siloxane  composition 
on  tan  6  and  modulus  of  siloxane-ester  block  copolymers  with 
5,000  Mn  block  lengths.  As  expected,  copolymers  containing 
flexible  dimethylsiloxane  segments  show  the  lowest  tran¬ 
sition  temperatures.  As  diphenyl  or  trif luoropropylmethyl 
units  are  incorporated  into  dimethylsiloxane  segments,  the 
low  temperature  transitions  increase  due  to  decreasing  chain 


TAN  S 


TEMPERATURE  (  C) 


Figure  48:  DMTA  of  a  ( trif luoropropylmethyl-co- 

dimethyl ) siloxane-ester  block  terpolymer  with 
5,000  Mn  blocks  (1  Hz.  5  C/min). 


blocks  (1  Hz,  5  C/min). 
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TABLE  31 

The  Effect  of  Siloxane  Composition  on  DMTA  and  DSC 

Transitions 


Siloxane  Copolymer  Transitions  (°C) 

Composition^  DMTAC  DSC 


100  CH3 

-110 

-123 

75  CH3/25  0 

-65 

-98 

50  CH3/50  0 

-40 

-61 

25  CH3/75  0 

0 

— 

75  CH3/25  F 

-95 

-108 

50  CH3/50  F 

-90 

-102 

25  CH3/75  F 

-60 

aSiloxane-ester  copolymer  block  lengths,  5,000  Mn. 
^Composition  in  weight  percent. 
cCenter  of  tan  6  peak. 

Note:  —  indicates  sample  not  run. 
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flexibility  of  the  soft  segment.  The  rigid  diphenyl  groups 


show  a  more  dramatic  change  than  the  trif luoropropylmethyl 


groups.  This  trend  was  also  observed  in  the  previously  dis¬ 


cussed  DSC  studies.  It  was  interesting  to  note  that  DSC 


transition  values  correspond  to  the  onset  of  the  DMTA  tan  5 


peaks.  The  DMTA  values  listed  in  Table  31  are  the  center  of 


the  broad  tan  6  peaks. 


In  addition  to  siloxane  composition,  block  molecular 


weight  also  affects  phase  mixing,  and  consequently,  influ¬ 


ences  tan  6.  Figure  49  illustrates  this  effect.  Both  sam¬ 


ples  are  perfectly  alternating  (dimethyl-diphenyl ) si loxane- 


ester  block  copolymers  where  the  siloxane  segments  contain 


SO  weight  percent  of  each  type  of  unit.  One  copolymer  sam¬ 


ple  has  5,000  Mn  blocks  and  displays  broad  tan  5  peaks.  The 


second  sample  has  10,000  Fin  blocks  and  exhibits  much  sharper 


tan  6  peaks,  indicating  better  phase  separation  than  the 


copolymer  with  lower  block  molecular  weights.  The  effect  of 


block  molecular  weight  on  dynamic  mechanical  properties  of 


siloxane-containing  block  copolymers  has  been  reported  by 


other  investigators  196,173). 


4.2. 1.5  Surface  and  Bulk  Analysis 


The  surface  properties  of  block  copolymers  originate 


from  the  difference  in  the  surface  free  energies  of  the  com- 


ponents  involved.  Gibbs  [183]  showed  that  any  component 
that  has  a  lower  surface  free  energy  would  tend  to  enrich 
the  surface  of  a  condensed  phase.  Thus,  in  a  block  copol¬ 
ymer,  the  component  of  lower  surface  free  energy  would  pref¬ 
erentially  segregate  to  the  surface,  and  the  surface  may 
differ  in  character  than  the  bulk.  In  siloxane-containing 
blends  and  copolymer  systems,  the  siloxane  is  generally  the 
component  of  lower  surface  free  energy,  and  therefore,  domi¬ 
nates  the  surface  of  a  polymer  film  [ 64, 133-135 ] .  For  this 
reason,  it  was  of  interest  to  evaluate  the  surface  and  bulk 
characteristics  of  the  siloxane-ester  block  co-  and  terpoly- 
mers.  Contact  angle  measurements,  x-ray  photoelectron  spec¬ 
troscopy  (XPS),  and  electron  microscopy  were  used  for  sur¬ 
face  and  bulk  analysis. 


Contact  Angle  Measurements 


Data  from  contact  angle  measurements  of  representative 
block  polymer  samples  is  presented  in  Table  32.  A  20  ut 
drop  of  water  was  placed  on  the  surface  of  a  one  inch  square 
polymer  film  and  the  angle  made  between  the  drop  and  the 
film  surface  was  measured  as  shown  in  Figure  50.  Since  this 
is  a  relative  technique,  a  polyarylester  homopolymer  was 


used  as  a  control.  Due  to  the  hydrophobic  nature  of  silox- 
anes,  the  contact  angle  of  a  surface  dominated  by  siloxane 
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TABLE  32 

Contact  Angle  Measurements 


Sample 


Ardel-polyester  control 


Copolymers 

5K  PE/5K  PSX(100  CHj ) 
5K  PE/10K  PSX(100  CH3) 
10K  PE/SK  PSX(100  CH3) 
10K  PE/10K  PSX(100  CH3) 

SK  PE/5K  PSX( 25  0) 

5K  PE/5K  PSX( 50  0) 

5K  PE/5K  PSX( 75  0) 


5K  PE/5K  PSX(25  F) 
5K  PE/5K  PSX( 50  F) 
5K  PE/5K  PSX( 75  F) 


5K  PE/5K  PDMS/5K  PSX(75  0) 
5K  PE/5K  PDMS/5K  PSX(75  F) 
5K  PE/5K  PDMS/5K  PSX(100  F) 


20  y£  water  drops, 


Contact  Angle 


103° 


mmmmm 
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would  be  expected  to  have  a  larger  contact  angle  than  a  con¬ 
trol  without  siloxane.  Such  a  trend  was  noted  in  this 


study.  As  seen  from  the  data  presented  in  Table  32,  the 


contact  angles  of  siloxane-containing  block  polymers  were 
significantly  larger  than  the  polyarylester  control.  Quali¬ 
tatively,  it  may  be  concluded  from  these  results  that  the 
surface  of  the  block  polymer  films  are  dominated  by  silox¬ 
ane,  the  lower  surface  free  energy  component  of  these  poly¬ 
mer  systems. 


X-Rav  Photoelectron  SDectrosco 


XPS  (or  Electron  Spectroscopy  for  Chemical  Analysis, 
ESCA)  has  recently  proven  to  be  an  excellent  spectroscopic 
tool  for  studying,  in  considerable  detail,  aspects  of  struc¬ 
ture  and  bonding  in  the  surface  region  (<  75  A)  of  polymers. 
The  information  available  from  this  technique,  and  the  prin¬ 
cipal  features  observed  in  XPS  spectra,  are  listed  in  Table 
33  [180].  The  advantages  of  XPS  include:  (1)  a  non-destruc¬ 
tive  nature,  (2)  the  capability  of  detecting  all  elements 
except  hydrogen,  (3)  the  ability  to  analyze  any  solid  that 
can  withstand  the  bombardment  of  x-rays  and  vacuum,  (4) 
small  sample  size  requirements,  and  (5)  small  sampling  depth 


TABLE  33 


Principal  Features  in  the  XPS  Spectra  of  Polymers  [180) 

Spectral  Feature  Information 

Main  peak  position  Atom  identification 

Chemical  shift  Oxidation  state 

Peak-area  ratios  Stoichiometry 

* 

v  ■*  »  transitions 


Shake-up  satellites 


The  XPS  experiment  involves  the  measurement  of  binding 
energies  of  electrons  ejected  by  interactions  of  a  molecule 
with  a  monoenergetic  beam  of  soft  x-rays.  The  fundamental 
processes  involved  in  XPS  are  illustrated  in  Figure  51 
[182].  The  incident  x-ray  energy  (eV)  exceeds  the  binding 
energy  (BE)  of  the  core  electrons,  thus  ejecting  the  core 
electrons  from  the  sample.  The  kinetic  energy  (KE)  of  the 
ejected  electrons  are  given  as  the  difference  between  the 
incident  x-ray  energy  and  the  binding  energy: 

KE  =  eV  -  BE 

The  removal  of  a  core  electron  is  accompanied  by  sub¬ 
stantial  reorganization  of  the  valence  electrons  in  response 
to  the  effective  increase  in  nuclear  charge.  This  perturba¬ 
tion  gives  rise  to  a  finite  probability  for  photoionization 
to  be  accompanied  by  simultaneous  excitation  of  a  valence 
electron  from  an  occupied  to  an  unoccupied  level  (shake-up) 
or  ionization  of  a  valence  electron  (shake-off).  These  pro¬ 
cesses,  giving  rise  to  satellites  to  the  low  kinetic  energy 
side  of  the  main  photoionization  peak,  are  measurable  param¬ 
eters  and  broaden  the  scope  of  this  technique  [182]. 

A  greater  surface  sensitivity  can  be  achieved  by  angu¬ 
lar  dependent  XPS  studies.  This  type  of  experiment  varys 
the  angle  9  between  the  sample  surface  and  the  analyzer  as 


shown  in  Figure  52  1184].  With  decreasing  take-off  angle, 
the  effective  sampling  depth  decreases  and  thus  a  composi¬ 
tion  profile  from  the  first  75  A  of  the  surface  can  be 
determined. 

The  following  discussion  briefly  summarizes  the  results 
obtained  from  XPS  of  siloxane-ester  block  copolymers.  A 
more  detailed  discussion  of  surface  analysis  by  XPS  will  be 
presented  in  the  subsequent  section  which  deals  with  polymer 
degradation;  XPS  proved  to  be  a  valuable  technique'  for  eval¬ 
uating  the  change  in  surface  composition  before  and  after 
exposure  to  atomic  oxygen. 

Figure  53  depicts  the  angular  dependence  of  the  O. 

X  s 

peak  from  a  representative  perfectly  alternating  dimethylsi- 
loxane  (6,700  Mn) -ester( 5 , 000  Mn)  block  copolymer.  Dimeth- 
ylsiloxane  homopolymer  and  homopolyary lester  O.  peaks  are 
also  shown  and  are  useful  as  controls.  The  insert  of  Figure 
53  shows  the  O,  peak  of  the  homopolyester  is  made  up  of  two 
equal  size  component  peaks;  one  at  532.2  eV  due  to  C-O-C  and 
the  other  at  533.9  eV  due  to  C=0.  In  contrast,  the  siloxane 
homopolymer  displays  a  single  0lg  peak  at  532.4  eV  due  to 
the  Si-O-Si  backbone.  The  0ls  peak  of  a  siloxane-ester 
block  copolymer  at  3  different  take-off  angles  is  similar  to 
the  single  peak  observed  for  the  siloxane  homopolymer.  This 
suggests  that  the  surface  of  the  copolymer  film  is  dominated 
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by  siloxane,  the  low  surface  free  energy  component  of  the 
copolymer  system.  At  0  =  90°  (deepest  profile),  a  small 
shoulder  to  the  left  of  the  major  peak  indicates  the 
presence  of  some  ester.  However,  this  shoulder  vanishes  as 
0  is  decreased  (i.e.,  a  smaller  depth  is  analyzed).  In  stun* 
mary.  Figure  53  demonstrates  that  the  top  few  angstroms  of  a 
solution  cast  siloxane-ester  block  copolymer  film  is  domi¬ 
nated  by  siloxane  [134]. 


Transmission  Electron  Microscopy 

Recently,  much  attention  has  been  given  to  the  study  of 
microphase  separation  behavior  of  block  copolymers  since  it 
is  one  of  the  most  important  factors  imparting  the  physical 
and  mechanical  properties  unique  to  these  systems.  Depend¬ 
ing  on  the  (1)  chemical  nature  of  the  blocks,  (2)  architec¬ 
ture  of  the  copolymer,  (3)  lengths  of  the  blocks  individu¬ 
ally  and  in  relation  to  one  another,  and  (4)  processing 
conditions,  a  number  of  morphological  configurations  are 
possible  for  microphase  separation  which,  in  turn,  give  rise 
to  a  variety  of  properties  (64,81,141). 

To  directly  observe  the  nature  of  the  bulk  microphase 
separation  of  the  siloxane-ester  block  copolymers,  TEM  was 
performed  on  thin  solution  cast  films.  Staining  of  one  of 
the  phases  was  unnecessary  since  there  is  a  great  degree  of 


electron  density  difference  between  the  siloxane  and  ester 
phases.  Representative  TEM  micrographs  are  shown  in  Figures 
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54  through  58.  In  all  cases,  microphase  separation  with 
spherical  domains  of  ester  (light  areas)  and  siloxane  (dark 
*  areas)  is  clearly  observed. 

The  effect  of  copolymer  block  molecular  weight  is  shown 
in  Figures  54/55  and  56/57.  As  expected,  the  copolymers 
l  with  lower  block  lengths  have  smaller  domains  than  the  copo¬ 
lymers  with  higher  block  lengths.  Figures  54,  56,  and  58 

illustrate  the  effect  of  siloxane  composition  at  constant 
)  block  molecular  weight.  As  previously  discussed,  the  abil¬ 

ity  of  the  siloxane  phase  to  mix  with  the  organic  phase  is 
enhanced  by  incorporation  of  diphenyl  units  or  trif luoropro- 
I  pylmethyl  units  into  dimethylsiloxane  segments.  Therefore, 

the  sharpness  of  the  phase  boundaries  is  decreased  with  an 
increase  in  phase  mixing.  A  representative  TEM  micrograph 
I  of  a  siloxane-ester  terpolymer  is  shown  in  Figure  59. 

4. 2. 1.6  Atomic  Oxygen  Degradation  Studies 
^  Long-term  stability  within  the  space  environment  is  a 

major  materials  concern.  It  is  estimated  that  large  space 
structures  must  be  able  to  exist  in  the  low  earth  orbit 
^  (LEO)  atmosphere  for  at  least  20  years  to  be  monetarily  fea¬ 

sible.  As  discussed  in  the  literature  review,  atomic  oxygen 

i 


TEM  of  a  50  CHj/50  0  piloxane  (5K  fin) -eater  ( 10K 
fln)  block  copolymer,  magnification  105.000X. 


(AO)  is  the  predominant  species  a  spacecraft  is  bombarded  by 


in  LEO.  Therefore,  it  was  of  interest  to  evaluate  the  sta¬ 


bility  of  the  siloxane-ester  block  polymers  in  a  simulated 


atomic  oxygen  environment.  After  exposure  to  atomic  oxygen. 


each  sample  was  evaluated  for  weight  loss.  Contact  angle 


measurements,  diffuse  reflectance  infrared  (DR-IR),  x-ray 


photoelectron  spectroscopy  (XPS),  and  scanning  electron 


microscopy  (SEM)  were  used  to  determine  surface  properties 


of  each  sample  before  and  after  exposure. 


Contact  Angle  and  Weight  Loss  Measurements 


Ardel  was  used  as  a  control  for  this  study.  Table  34 


lists  the  contact  angle  and  weight  loss  results  for  various 


exposure  times  of  Ardel.  The  experiment  was  continuous 


time,  i.e.,  five  separate  samples  were  exposed  for  different 


times.  The  data  shows  a  significant  change  in  both  weight 


and  contact  angle. 


The  effects  of  exposure  to  atomic  oxygen  for  30  minutes 


are  presented  in  Table  35  for  a  polyarylester  control  and 


various  siloxane-ester  block  co-  and  terpolymers.  In  copo¬ 


lymer  samples  2  through  4,  block  molecular  weight  is  con¬ 


stant  while  siloxane  block  composition  is  varied.  Samples  5 


through  8  vary  block  molecular  weight  while  retaining  the 


same  siloxane  block  composition,  50  weight  percent  each  of 


TABLE  34 

Atomic  Oxygen  Degradation  of  Ardel 


Exposure 
Time  (min. ) 


%  Weight  Loss 


Contact  Angle 


254 


1 


* 


TABLE  35 

Atomic  Oxygen  Degradation  of  Siloxane-Ester  Block  Polymers 


Solution  cast  polymer  films. 


20  vl  water  drops. 


'30  min.  exposure  to  atomic  oxygen. 


dimethyl  and  diphenyl  units.  Samples  9  and  10  are  block 
terpolymers  containing  blocks  of  a  5,000  Rn  polyarylester ,  a 
5,000  Rn  polydimethylsiloxane,  and  a  5,000  Rn  siloxane  co¬ 
oligomer  (either  highly  diphenyl  or  trif luoropropylmethyl ) . 

The  most  significant  weight  loss  and  change  in  contact 
angle  after  exposure  to  atomic  oxygen  for  30  minutes  was 
displayed  by  the  polyarylester  control,  sample  1.  Siloxane 
incorporation  was  observed  to  reduce  both  weight  loss  and 
change  in  contact  angle.  NASA  obtained  similar  results  with 
a  novel  polyimide-polydimethylsi  io..  block  copolymer 
[110,133].  The  oxidation  reaction  efficiency  was  approxi¬ 
mately  an  order  of  magnitude  lower  than  the  currently  used 
polyimide  (Kapton)  thermal  blanket  materials.  These  find¬ 
ings  are  attributed  to  the  fact  the  siloxanes  that  dominate 
the  surface  of  copolymer  systems  are  more  resistant  to  oxi¬ 
dative  degradation  by  atomic  oxygen  since  their  physical 
structures  can  be  converted  to  largely  inorganic  silicates 
which  are  much  more  resistant  to  atomic  oxygen  than  any 
organic  material.  The  data  from  Table  35  also  suggests  that 
weight  loss  is  influenced  by  the  composition  of  the  siloxane 
segments.  High  diphenyl  incorporation,  sample  6  for  exam¬ 
ple,  showed  negligible  weight  loss  compared  to  other  sam- 
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DR-IR  was  used  for  chemical  characterization  of  the 


polymer  films  before  and  after  exposure  to  atomic  oxygen. 


However,  this  technique  did  not  prove  as  useful  as  antici¬ 


pated.  DR-IR  showed  no  change  in  chemical  composition  after 


exposure  to  atomic  oxygen  (see  Figure  60).  This  is  likely 


due  to  the  fact  that  DR-IR  analyzes  the  top  1,000  A  of  a 


surface  and  atomic  oxygen  apparently  affects  only  the  top 


few  angstroms.  Theoretical  and  quantitative  aspects  of  this 


technique  were  not  investigated;  they  are  discussed  in  sev¬ 


eral  cited  references  (185-187). 


X-Ray  Photoelectron  Spectrosco 


XPS  proved  to  be  much  more  useful  than  DR-IR  in  the 


analysis  of  surfaces  etched  by  oxygen  plasma.  As  previously 


discussed,  angle  dependent  XPS  is  an  excellent  spectroscopic 


technique  for  studying  aspects  of  structure  and  bonding  in 


the  first  75A  of  a  polymer  surface.  After  exposure  to 


atomic  oxygen,  XPS  detected  changes  in  oxidation  state  of 


atoms  (shift  of  photopeak)  and  changes  in  the  ratio  of  atom 


types  to  one  another. 


The  wide  scan  XPS  spectra  (8=90°)  of  a  polyarylester 


control  before  and  after  exposure  to  atomic  oxygen  are  shown 


in  Figures  61  and  62,  respectively.  The  quantitative  inter- 
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pretations  of  these  figures  are  presented  in  Table  36.  The 
percent  of  each  atom  present  at  the  polymer  surface,  atom 
binding  energies  (BE),  and  the  full  width  at  half  height 
(FWHH)  of  each  peak  are  given  for  two  different  exit  angles, 
8=10°  and  90°  (normal).  As  anticipated,  the  amount  of  oxy¬ 
gen  detected  on  the  surface  increased  after  exposure  to 
atomic  oxygen.  Unfortunately,  silicon  was  observed  to  be  a 
surface  contaminant.  The  amount  of  silicon  on  the  surface 
significantly  decreased  after  oxidation,  suggesting  that  it 
was,  indeed,  merely  a  surface  contaminant. 

Figures  63  and  64  illustrate  the  wide  scan  XPS  spectra 
at  0=90°  for  a  dimethylsiloxane  (5,000  Mn)-ester  (5,000  Bn) 
block  copolymer  before  and  after  exposure  to  atomic  oxygen. 
Quantitative  results  for  8*10°  and  90°  are  tabulated  in 
Table  37.  As  with  the  control,  the  oxygen-carbon  ratio  at 
the  surface  increased  significantly  after  oxidation.  The 
Si2p  peak  showed  a  binding  energy  shift  and  an  increased 
width  at  half  height,  indicating  a  possible  change  in  oxida¬ 
tion  state  due  to  atomic  oxygen  exposure.  It  is  thought 
that  dimethylsiloxanes  on  the  surface  of  a  copolymer  or 
blend  undergo  oxidation  (oxygen  insertion)  as  shown  in 
Scheme  26  [124].  The  resulting  ceramic-like  structure  would 
provide  a  protective  coating  to  the  bulk  material. 


TABLE  36 


Polyarylester  XPS  Results 


Cls<10°) 

(90°) 

ols(io°) 

(90°) 

Si2pdOe) 

(90°) 

Unexposed 

%  58.9 

72.0 

20.6 

21.2 

21.5 

15.2 

BEa  285.0 

285.0 

532.5 

532.4 

102.1 

102.0 

FWIfflh  1.7 

2.1 

1.6 

1.6 

1.8 

2.2 

Exposed 

%  49.1 

52.5 

37.4 

36.6 

12.4 

•10.9 

BEa  285.0 

285.0 

533.2 

533.1 

103.6 

103.4 

FWHH*3  2.4 

2.6 

2.2 

2.5 

2.0 

2.4 

aBinding  energy. 

bFull  width  at  half  height. 
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Figure  64:  A  wide  scan  XPS  spectrum  of  a  dimethyl si loxane 
ester  block  copolymer  after  exposure  to  atomic 
oxygen  for  30  minutes. 
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TABLE  37 

Dimethylsiloxane-Ester  Block  Copolymer  XPS  Results 


cls(io°) 

(90°) 

ols(io#) 

(90°) 

Si2p(10°) 

o 

O 

O' 

Unexposed 

% 

53.3 

57.0 

21.5 

21.4 

25.2 

21.6 

BEa 

285.0 

285.0 

532.6 

532.6 

102.2 

102.3 

FWHH*5 

1.6 

2.1 

1.6 

2.0 

2.2 

2.2 

Exposed 


X 

42.4 

23.0 

29.3 

42.3 

28.3 

34.6 

BEa 

285.0 

285.0 

533.0 

533.2 

103.5 

103.6 

FWIfflh 

1.8 

2.2 

1.9 

2.2 

2.6 

2.7 
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Scheme  26 

The  Reaction  of  Polydimethylsiloxane 
with  Atomic  Oxygen 
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Similar  results  were  found  for  block  copolymers  with 
siloxane  blocks  that  contained  diphenyl  or  trif luoropropyl- 
methyl  units.  The  S^p  Pea^s  shifted  by  approximately  1  eV 
to  a  higher  binding  energy,  the  full  width  at  half  height  of 
each  peak  increased,  and  the  amount  of  oxygen  on  the  surface 
significantly  increased.  In  addition  to  the  above  observa¬ 
tions,  it  was  interesting  to  note  that  in  the  case  of  diphe¬ 
nyl  siloxanes,  the  shake-up  satellite  due  to  ir-ir*  tran¬ 
sitions  of  the  aromatic  rings  (292  eV)  was  no  longer 
observable  at  8=90°  after  exposure  to  atomic  oxygen  (see 
Figure  65).  For  ( trif luoropropylmethyl ) siloxane-containing 
block  copolymers,  the  amount  of  fluorine  on  the  surface 
decreased,  but  the  F^a  binding  energy  remained  the  same  (688 
eV) . 

In  summary,  angle-dependent  XPS  showed  that  (1)  etched 
film  surfaces  exhibit  increased  oxygen  coverage  and  reduced 
carbon  signal  while  the  silicon  signal  intensity  remains 
more  or  less  constant,  (2)  the  carbon,  oxygen,  and  fluorine 
binding  energies  were  unchanged,  however,  the  full  width  at 
half  height  of  each  peak  increased,  and  (3)  the  silicon 
binding  energy  and  the  full  width  at  half  height  increased 
after  exposure,  suggesting  an  increased  number  of  oxygen 
atoms  bonded  to  the  silicon  atoms. 


SEM  was  used  to  study  surface  morphology.  Several  rep¬ 
resentative  micrographs  are  shown  in  Figures  66  through  70. 
The  surface  morphology  of  a  polyarylester  control  before  and 
after  oxygen  plasma  etching  is  shown  in  Figures  66  and  67, 
respectively.  The  unexposed  surface  was  smooth,  but  the 
exposed  surface  displayed  evidence  of  induced  texturing  due 
to  oxidative  degradation.  As  previously  discussed,  the 
ester  homopolymer  control  displayed  significant  changes  in 
weight  (loss),  contact  angle,  and  surface  oxygen  coverage 
(XPS),  but  no  change  in  composition  around  1,000  A  (DR-IR) . 

In  general,  the  surface  characteristics  of  the  etched 
siloxane-ester  block  copolymers  displayed  evidence  of 
micro-cracks  with  no  texturing.  Representative  SEM  micro¬ 
graphs  are  shown  in  Figures  68  through  70.  Similar  results 
were  observed  by  Knopf  and  co-workers  [111)  with  homo  poly¬ 
dimethyl  siloxane  coated  Kapton  films.  It  was  proposed  that 
oxygen  diffused  through  the  permeable  siloxane  coating  and 
due  to  the  bulk  property  changes,  surface  cracking  and  craz¬ 
ing  took  place.  Although  the  siloxane-ester  block  copolym¬ 
ers  also  displayed  micro-cracks,  there  was  no  evidence  of 
bulk  property  changes.  This  may  be  due  to  the  fact  that 
block  copolymers  (with  siloxane  in  the  bulk,  as  well  as  on 
the  surface)  behave  differently  than  a  siloxane  coated  sub- 
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Figure  66: 


I 


SEM  of  a  homopo lyarylester  control, 
magnification  6400X,  bars  represent  5 u. 


v.v. 
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Figure  69: 


SEM  of  a  dimethylsiloxane-ester  block  copolymer 
exposed  to  AO  for  30  min,  magnification  400X, 
bars  represent  50 u.  Block  lengths  5,000  Mn. 


SEM  of  a  dime thy 1 si loxane- ester  block  copolymer 
exposed  to  AO  for  30  min.,  magnification _6400X, 
bars  represent  5 u.  Block  lengths  5,000  Mn. 
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In  summary,  weight  loss  determinations,  contact  angle 

measurements,  DR-IR,  XPS,  and  SEM  suggest  that  siloxane-con- 

taining  block  copolymers  resist  surface  degradation  by 
«  v 

atomic  oxygen  relative  to  homopolymer  controls. 


4.2.2  Segmented  Block  CoDolvme 


4.2.2. 1  Synthesis  and  Structural  Analysis 

The  siloxane-ester  block  copolymers  discussed  thus  far 
were  prepared  by  the  silylamine-hydroxyl  condensation  reac¬ 
tion  [96,97].  Although  well-defined,  perfectly  alternating 
block  copolymers  are  prepared  by  this  technique,  Si-O-C 
linkages  between  the  blocks  are  formed.  This  type  of  link 
is  known  to  be  less  hydrolytically  stable  than  the  Si-C  bond 
[1,21.  Some  may  view  the  necessity  of  synthesizing  each 
block,  then  copolymerizing  them  into  the  final  block  copoly¬ 
mer  as  a  disadvantage.  Thus,  a  synthetic  approach  which 
required  the  synthesis  of  only  one  block  prior  to  copolVn«r- 
ization  was  investigated.  The  synthetic  route  employed  was 
similar,  to  the  interfacial  synthesis  of  high  molecular 
weight  polyarylesters  discussed  in  the  literature  review, 
however,  the  procedure  was  extended  to  include  the  aminopro- 
pyl- terminated  siloxane  oligomer  which  was  placed  in  the 
organic  phase  with  the  acid  chlorides  (Scheme  27).  The 
reaction  of  the  amine- functional  siloxaiie  oligomer  with  an 
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Scheme  27 

Segmented  Block  Copolymer  Synthesis 
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acid  chloride  produces  an  amide  bond  which  links  the  silox- 
ane  and  ester  blocks,  while  repeated  reactions  of  the  bis- 
phenol  with  the  acid  chlorides  produces  the  ester  blocks  of 
various  (random)  lengths.  The  chain  architecture  for  these 
copolymer  systems  is,  therefore,  less  well-defined  than 
those  made  by  the  coupled-oligomer  approach.  However,  the 
interfacial  technique  produces  block  copolymers  with  Si-C 
bonds  which  are  known  to  be  more  hydrolytically  stable  than 
Si-O-C  bonds. 

Structure  analysis  was  accomplished  by  FTIR  and  proton 
NMR;  representative  spectra  are  shown  in  Figures  71  and  72, 
respectively.  Corresponding  IR  band  and  NMR  peak  assign¬ 
ments  are  listed  in  Tables  38  and  39.  These  results  are 
similar  to  those  observed  for  the  perfectly  alternating 
siloxane-ester  block  copolymers  previously  discussed  (Fig¬ 
ures  32  and  33,  Tables  20  and  21).  The  major  difference  in 
structure  analysis  between  the  alternating  and  segmented 
block  copolymers  is  the  amide  I  band  that  can  be  identified 
in  the  segmented  block  copolymer  FTIR  spectrum  as  the  minor 
peak  at  lower  wavenumbers  relative  to  the  ester  carbonyl  due 
to  resonance  effects. 
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Figure  71:  FTIR  spectrum  of  a  segmented  dimethyl  si  loxane- 
ester  block  copolymer.  (20  weight  %  of  a  5/000 
An  PDMS  oligomer) • 


Figure  72: 


Proton  NMR  spectrum  of  a  segmented 
dimethylsiloxane-ester  block  copolymer  (90  MHz) 
(60  weight  %  of  a  5,000  fln  PDMS  oligomer). 
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TABLE  38 

Segmented  Polydimethyl si loxane-Ester  Block  Copolymer  FTIR 

Band  Assignments 


Frequency  (cm-1) 


Assignment 


3050 

C-H  stretch,  aromatic 

2950 

C-H  stretch,  aliphatic 

1750 

Ester  carbonyl  stretch 

1640 

Amide  I  -  amide  carbonyl 

1600,1500 

C-C  stretch,  aromatic 

1570-1515 

Amide  II  -  N-H  bending 

1410 

CH.  asymmetric  deformation 

1400 

C-N  stretching 

1275 

CHj  symmetric  deformation 

1270-1170 

Strong  ester  bands 

1100-1000 

Si -O-Si  stretch  vibration 

800 

Si(CH3)20  stretch;  CH3  roc 

715 

Si(CH3)20  stretch 

510 

Si-O-Si  bend  vibration 
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TABLE  39 

Segmented  Polydimethyl si loxane-Ester  Block  Copolymer  Proton 

NMR  Results 


Peak  (ppm) 

Assignment 

0.3, 

singlet 

Dimethyl si loxane  hydrogens 

1.7, 

singlet 

Isopropyledene  hydrogens  derived 
from  bisphenol-A 

5.3, 

lock 

CH2C12  reference  and  lock 

7.3, 

AA'BB' 

multiplet 

Aromatic  hydrogens  derived  from 
bisphenol-A 

7-5, 

triplet 

Aromatic  hydrogen  derived  from 
isophthaloyl  chloride 

8.2, 

singlet 

Aromatic  hydrogens  derived  from 
terephthaloyl  chloride 

8.3, 

doublet 

Aromatic  hydrogens  derived  from 
isophthaloyl  chloride 

8.8, 

singlet 

Aromatic  hydrogen  derived  from 
isophthaloyl  chloride 

4. 2. 2. 2  Characterization 


The  series  of  segmented  siloxane-ester  block  copolymers 
prepared  is  presented  in  Table  40  along  with  relevant  char- 
acterizatioin  data  which  illustrates  the  change  in  copolymer 
properties  with  siloxane  composition  and  the  weight  percent 
siloxane  incorporated  into  the  copolymer. 

The  Mn  of  the  amine-functional  siloxane  oligomers  was 
determined  by  potentiometric  titration  with  alcoholic  HC1  as 
described  earlier.  As  noted  with  the  siloxane  oligomers 
used  to  prepare  the  previously  discussed  perfectly  alternat¬ 
ing  block  copolymers,  the  effect  of  siloxane  composition  on 
Tg  is  apparent;  as  diphenyl  or  trif luoropropylmethyl  units 
are  incorporated  into  a  dimethylsiloxane,  the  Tg  increases. 

The  amount  of  siloxane  incorporated  into  the  segmented 
copolymer  (in  weight  percent)  was  determined  from  proton  NMR 
(Si(CH3)2  versus  C(CH3)2).  The  values  listed  in  Table  40 
are  theoretical  weight  percents;  actual  incorporation  is 
considered  quantitative  (within  experimental  error  of  the 
EM-390  90  MHz  spectrometer).  The  reaction  yields  listed  are 
those  obtained  after  work-up.  Yields  after  the  first  coagu¬ 
lation  were  typically  90-95  percent,  indicating  that  the 
losses  are  due  to  the  work-up  procedure  which  includes  sev¬ 
eral  washings  with  water  to  remove  by-product  salts. 
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TABLE  40 

Characteristics  of  Segmented  Siloxane-Ester  Block  Copolymers 


Sample  Siloxane  Block  Tg  25°C  % 

Number  Comp.a  Wt.%13  Mn  (°C)  [nlCH2Cl2  Yield  Tg(°C) 


1 

100 

CH3 

20 

4,  500 

-123 

0.33 

85 

-123, 

174 

2 

100 

CB3 

30 

4,  500 

-123 

0.49 

84 

-129, 

176 

3 

25 

F 

20 

5,000 

-117 

0.25 

92 

-116, 

188 

4 

25 

F 

40 

5,000 

-117 

0.45 

82 

-122, 

187 

5 

25 

F 

60 

5,000 

-117 

0.20 

76 

-115, 

129 

6 

25 

0 

20 

5,400 

-102 

0.37 

80 

-105, 

178 

7 

25 

0 

40 

5,400 

-102 

0.45 

85 

-106, 

169 

8 

25 

0 

60 

5,400 

-102 

0.39 

65 

-102, 

147 

9 

50 

F 

20 

5,000 

-105 

0.61 

83 

-105, 

187 

10 

50 

F 

40 

5,000 

-105 

0.74 

74 

-109, 

187 

11 

50 

F 

60 

5,000 

-105 

0.42 

70 

-102, 

187 

12 

50 

.0 

20 

4, 100 

-72 

0.46 

88 

-66, 

175 

13 

50 

0 

40 

4,  100 

-72 

0.36 

85 

-69, 

164 

14 

50 

0 

60 

4,  100 

-72 

0.53 

84 

-65, 

161 

i  aComposition  in  weight  percent;  remaining  percents  are 

[  dimethyl . 

j  ^Weight  percent  of  siloxane  charged  to  copolymer; 

I  remaining  percents  are  ester. 
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The  intrinsic  viscosities  and  the  fact  that  tough  solu¬ 
tion  cast  films  are  formed  indicate  that  relatively  high 
molecular  weight  block  copolymers  were  prepared.  It  should 
be  noted  that  extensive  washing  of  each  sample  is  necessary 
to  obtain  a  transparent  film.  Otherwise,  cloudiness  is 
observed  due  to  residual  salt  contamination.  When  comparing 
the  perfectly  alternating  and  segmented  block  copolymers,  it 
is  apparent  that  the  former  are  not  contaminated  since  the 
reaction  by-product  is  gaseous  and  eliminated  at  the  reac¬ 
tion  temperature.  Quantitative  percent  transmission  meas¬ 
urements  would  probably  also  be  influenced  by  the  polyester 
sequence  length,  which  increases  with  hard  segment  composi¬ 
tion  with  this  "in  situ"  procedure. 

Thermal  Properties 

Microphase  separation  of  the  siloxane  and  ester  phases 
of  the  segmented  block  copolymers  is  indicated  by  the  fact 
that  there  are  two  glass  transitions  observed  by  DSC.  The 
low  temperature  transitions  are  attributed  to  the  siloxane 
phase  and  agree  closely  with  the  Tg  of  the  siloxane  oligomer 
prior  to  copolymerization.  This  indicates  that  there  is  a 
low  or  negligible  degree  of  mixing  of  the  hard  ester  phase 


% 


in  the  soft  siloxane  phase.  However,  the  copolymer  samples 
containing  siloxane  segments  with  50  weight  percent  diphenyl 


and  dimethyl  units  show  an  increase  in  the  copolymer  low 
temperature  transition  relative  to  the  siloxane  oligomer. 
This  observation  is  likely  due  to  the  fact  that  the  presence 
of  diphenyl  units  increases  the  miscibility  of  the  two 
phases . 

The  high  temperature  transitions  are  attributed  to  the 
polyarylester  block  of  the  copolymer.  Since  the  ester  block 
is  synthesized  during  the  copolymerization  reaction  there 
are  no  ester  oligomer  Tg  values  for  comparative  purposes  as 
with  the  siloxanes.  In  general,  the  Tg  values  for  the  ester 
phase  of  the  segmented  block  copolymers  are  higher  than 
those  observed  for  the  perfectly  alternating  block  copoly¬ 
mers.  This  is  likely  due  to  the  fact  that  higher  ester 
block  lengths  are  possible  with  the  interfacial  technique. 
The  ester  block  lengths  were  limited  to  5,000  and  10,000  fin 
in  the  perfectly  alternating  block  copolymers. 

One  trend  noted  is  that  the  ester  Tg  value  decreases  as 
the  amount  of  siloxane  incorporated  into  the  block  copolymer 
increases.  For  example,  samples  6  through  8  represent  a 
series  of  segmented  block  copolymers  containing  20,  40,  and 
60  weight  percent  siloxane  (75/25  CH3/0),  respectively.  As 
the  amount  of  soft  segment  increases,  the  high  Tg  value  due 


In  addition  to  DSC,  TMA  in  the  penetration  mode  was 
also  used  to  evaluate  the  thermal  properties  of  the  seg¬ 
mented  siloxane-ester  block  copolymers.  Typical  pseudo-mod- 
ulus  curves  are  illustrated  in  Figure  73.  Two  transitions 
are  displayed  by  each  sample  and  they  agree  closely  with 
those  observed  by  DSC.  The  lower  soft  segment  transition 
becomes  more  pronounced  and  the  high  temperature  transition 
is  lowered  as  the  amount  of  siloxane  incorporated  into  the 
copolymer  system  increases.  As  observed  with  the  perfectly 
alternating  block  copolymers  (Figure  37),  a  broad  plateau 
region  is  displayed  between  the  two  transition  temperatures. 
For  comparative  purposes,  the  siloxane  oligomer  used  to  pre¬ 
pare  the  segmented  block  copolymers  is  also  shown  in  Figure 
73. 

Mechanical  Properties 

To  evaluate  the  mechanical  properties  of  the  segmented 
siloxane-ester  block  copolymers,  stress-strain  measurements 
and  DMTA  were  utilized.  Tensile  property  determinations 
were  made  using  an  Instron  table  model  tensile  tester.  Dog- 
bone  shaped  samples  were  cut  from  solution  cast  films  using 
a  die.  Under  ambient  conditions,  each  sample  was  subjected 
to  tensile  forces  at  a  rate  of  10  mm/minute.  The  stress- 
strain  behavior  of  a  series  of  segmented  block  copolymers  is 
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Figure  73:  TMA  of  segmented  siloxane  (50/50  CH3/ef)-ester 
block  copolymers. 
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presented  in  Figure  74;  corresponding  modulus,  tensile 
stress,  and  percent  elongation  values  are  listed  in  Table 
41.  As  anticipated,  the  tensile  properties  were  dependent 
upon  siloxane  content.  As  the  weight  percent  of  siloxane 
incorporated  into  the  copolymer  system  increased,  modulus 
and  tensile  stress  decreased,  but  percent  elongation  at 
break  increased.  Similar  conclusions  were  drawn  from  the 
previously  discussed  perfectly  alternating  block  copolymers 
(see  Figures  40  and  41  and  Table  30). 

DMTA  was  used  to  study  the  modulus -temperature  behavior 
and  the  damping  characteristics  of  the  segmented  siloxane- 
ester  block  copolymers.  The  effect  of  siloxane  content,  40 
versus  60  weight  percent,  is  shown  in  Figures  75  and  76, 
respectively.  Microphase  separation  is  indicated  by  the 
fact  that  two  broad  transitions  are  observed  for  each  sam¬ 
ple.  At  the  siloxane  and  ester  transition  temperatures,  a 
decrease  in  modulus  (log  E' )  is  displayed.  As  expected,  the 
sample  containing  a  higher  siloxane  content  showed  a  greater 
decrease  in  modulus  at  the  siloxane  transition.  Also,  damp¬ 
ing  (tan  6)  increased  with  an  increase  in  siloxane  content. 

Surface  and  Bulk  Analysis 

Contact  angle  measurements,  x-ray  photoelectron  spec¬ 
troscopy  (XPS  or  ESCA),  and  transmission  electron  microscopy 


%  ELONGATION 


Figure  74:  The  stress-strain  behavior  of  segmented  siloxane 
(50/50  CH-/0) -ester  block  copolymers. 
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TABLE  41 

Mechanical  Properties  of  Segmented  Siloxane-Ester  Block 
Copolymers  Films  Cast  from  CHjC^ 


Copolymer 

Weight  % 
PSXa 

Modulus 

psi 

b 

MPa 

Tensile 

Stress 

psi 

b 

MPa 

%  Elon¬ 
gation 
at  Break1 

20 

98,000 

674 

4,600 

32 

23 

40 

69,000 

477 

3,600 

25 

38 

60 

20,000 

136 

2,300 

16 

81 

aPolysiloxane:  4,100  Mn  and  50/50  CH3/0f. 

•  bTested  at  10  mm/minute. 


-100 


TEMPERATURE  (°C) 


Figure  75: 


DMTA  of  a  segmented  siloxane  (50  0) -ester  block 
copolymer,  40  weight  %  PSX,  4100  Mn. 


block 


292 


(TEM)  were  used  to  evaluate  the  surface  and  bulk  properties 
of  the  segmented  block  copolymers. 

Data  from  contact  angle  measurements  of  a  series  of 
segmented  block  copolymers  is  presented  in  Table  42.  As  was 
observed  with  the  perfectly  alternating  block  copolymers, 
the  contact  angle  of  a  siloxane-ester  copolymer  is  larger 
than  that  of  an  ester  control  due  to  the  hydrophobic  nature 
of  a  siloxane-dominated  surface. 

X-ray  photoelectron  spectroscopy  was  used  to  study  the 
surface  of  representative  segmented  block  copolymers.  The 
results  were  similar  to  those  obtained  from  the  previously 
discussed  perfectly  alternating  block  copolymers.  At  532.4 
eV,  a  single  0lg  was  displayed  by  each  copolymer  sample  and 
by  the  siloxane  homopolymer  standard.  The  Si-O-Si  backbone 
gives  rise  to  the  XPS  peak  at  this  binding  energy.  The 
polyarylester  displays  a  double  peak,  532.2  eV  and  533.9  eV, 
due  to  the  two  different  types  oxygen  atoms  in  the  ester 
link.  Since  a  shoulder  or  double  peak  is  not  observed  for 
the  siloxane-ester  block  copolymers,  it  may  be  concluded 
that  the  surface  region  observed  by  XPS  (top  75  A)  is  domi¬ 
nated  by  siloxane.  A  more  detailed  discussion  of  XPS  is 
included  in  the  section  concerning  surface  analysis  of  per¬ 
fectly  alternating  block  copolymers. 


TABLE  42 


Contact  Angles  of  Segmented 
(Dimethyl -diphenyl ) siloxane-Ester  Block  Copolymers 


I 


• 

1 

1 

1 

Weight  %  PSXa 
in  Copolymer 

Contact 

Angle*3 

t 

* 

1  • 

0  (Ester  control) 

77° 

1 

! 

20 

85° 

i 

I 

40 

90° 

!• 

60 

94° 

S  aPolysiloxane:  50/50  CH-/0  and  4100  Mn. 

$  b20  water  drops. 
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Transmission  electron  microscopy  was  used  to  study  the 
bulk  microphase  separation  of  the  segmented  block  copoly¬ 
mers.  TEM  was  performed  on  thin  solution  cast  films. 
Staining  was  unnecessary  since  there  is  a  great  degree  of 
electron  density  difference  between  the  siloxane  and  ester 
ohases.  A  representative  segmented  block  copolymer  TEM 
micrograph  is  shown  in  Figure  77. 

The  copolymer  sample  contains  20  weight  percent  of  a 
5,000  Mn  dimethylsiloxane .  Siloxane  domains  in  an  ester 
matrix  are  observed  and  confirm  the  microphase  separation 
suggested  by  DSC,  TMA,  and  DMTA  studies.  For  comparative 
purposes,  refer  to  Figures  54  and  59  which  illustrate  the 
smaller  domain  sizes  of  perfectly  alternating  block  copoly- 


TEM  of  a  segmented  dimethylsi loxane-ester  block 
copolymer,  20  weight  %  PSX,  5000  Mn, 
magnification  20,000X. 


Chapter  V 
CONCLUSIONS 


The  major  objectives  of  the  research  described  in  this 
dissertation  were  to  synthesize  and  characterize  ductile, 
multiphase,  transparent  block  copolymers  that  would  be  suit¬ 
able  candidates  for  passive  damping  applications  in  large 
space  structures . 

Several  series  of  relatively  high  molecular  weight 
polysiloxane-polyarylester  block  copolymers  were  prepared  by 
two  different  synthetic  techniques.  Well-defined,  perfectly 
alternating  block  co-  and  terpolymers  _  were  synthesized  in 
solution  by  coupling  silylamine-terminated  siloxane  blocks 
with  hydroxyl-terminated  polyary lester  blocks.  An  interfa¬ 
cial,  phase-transfer  technique  was  used  to  prepare  segmented 
(or  "random")  block  copolymers  by  reacting  bisphenol-A  and 
an  equal  amount  of  terephthaloyl  chloride  and  isophthaloyl 
chloride  with  an  aminopropyl-terminated  siloxane  oligomer. 
In  this  type  of  reaction,  various  polyarylester  block 

lengths  are  formed  during  the  copolymerization.  Although 

# 

the  segmented  block  copolymer  systems  were  more  easily  pre¬ 
pared,  they  ultimately  were  of  less  interest  than  the  per- 


Structure  analysis  by  FTIR  and  proton  NMR  indicated 
that  the  desired  oligomers  and  block  copolymers  were  pre¬ 
pared.  In  addition  to  the  above  analytical  techniques,  high 
29 

resolution  Si  NMR  proved  useful  in  the  structural  analysis 
of  the  amine- functional  siloxane  oligomers.  The  high  sensi- 
tivity  of  silicon  to  changes  in  chemical  environment, 
coupled  with  its  wide  range  of  chemical  shifts,  made  it  pos¬ 
sible  to  obtain  detailed  information  on  the  purity  and 

microstructure  of  the  siloxane  oligomers.  In  the  case  of 

29 

siloxane  co-oligomers.  Si  NMR  showed  that  "random"  or  sta¬ 
tistical  co-oligomers  were  produced  via  the  equilibration 
process  used  in  this  work. 

Due  to  the  high  degree  of  incompatibility  of  the  "soft" 
siloxane  phase  and  the  "hard"  ester  phase  in  the  block  co¬ 
polymers,  a  two-phase  microstructure  developed  at  relatively 
low  block  molecular  weights  as  evidenced  by  thermal  proper¬ 
ties  (DSC,  TMA,  DMTA)  and  electron  microscopy  (TEM) .  Hence, 
each  block  copolymer  displayed  two  thermal  transitions;  the 
low  temperature  transition  is  attributed  to  the  siloxane  phase 
and  the  high  temperature  transition  to  the  ester  phase.  To 
enhance  damping,  yet  retain  a  two-phase  morphology,  the  typ¬ 
ically  used  dimethylsiloxane  oligomers  were  modified  to 
increase  compatibility  of  the  siloxane  and  ester  phases. 
This  was  accomplished  by  preparing  siloxane  co-oligomers  in 
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which  diphenyl  or  trif luoropropylmethyl  units  were  incorpo¬ 
rated  into  a  polydimethylsiloxane  oligomer.  DMTA  of  block 
copolymers  containing  siloxane  co-oligomers  suggested  that 
several  samples  would  be  potential  passive  damping  materials 
since  tan  5  (damping  characteristic)  remains  relatively  high 
at  temperatures  intermediate  to  the  two  transition  tempera¬ 
tures  . 

The  mechanical  properties  of  the  block  copolymers 
showed  a  dependence  on  siloxane  block  composition  and  block 
molecular  weight.  Typically,  high  siloxane  content  (long 
block  lengths  relative  to  ester  blocks)  resulted  in  high 
elongations  at  break,  but  low  modulus  and  tensile  stress 
values.  Due  to  the  bulky,  rigid  nature  of  diphenyl  or  tri- 
f luoropropylmethyl  siloxane  units,  block  copolymers  contain¬ 
ing  these  siloxane  types  displayed  higher  modulus  and  ten¬ 
sile  stress  values  relative  to  dimethylsiloxane-ester  block 
copolymers. 

Surface  analysis  by  contact  angle  measurements  and  XFS 
indicated  that  the  surface  of  the  siloxane-ester  block  co¬ 
polymers  was  dominated  by  siloxane,  the  lower  surface  free 
energy  component  of  these  copolymer  systems.  Surface  analy¬ 
sis  (SEM  and  XPS)  was  also  useful  in  demonstrating  that,  in 
contrast  to  an  ester  homopolymer,  the  surface  of  a  siloxane- 
ester  block  copolymer  is  resistant  to  degradation  by  atomic 


oxygen,  the  major  materials  concern  in  the  low  earth  orbit 
(LEO)  atmosphere. 

In  summary,  the  research  reported  in  this  dissertation 
demonstrates  that  perfectly  alternating  polysiloxane-poly- 
arylester  block  copolymers  are  potential  materials  for  pas¬ 
sive  damping  applications  in  the  space  environment. 


Chapter  VI 
FUTURE  STUDIES 

At  the  conclusion  of  a  successful  scientific  study, 
there  are  generally  unanswered  questions  that  outline  the 
course  for  future  studies.  This  chapter  briefly  discusses 
some  recommended  additional  investigations  that  would  be 
necessary,  in  order  to  use  the  siloxane-ester  block  copoly¬ 
mers  in  the  space  environment  as  a  passive  damping  material. 

The  research  in  this  dissertation  described  (1)  the 
synthesis  of  several  series  of  siloxane-ester  block  copoly¬ 
mers  and  (2)  the  general  structure-property  relationships. 
Particular  emphasis  was  placed  on  synthetic  procedures, 
damping  characteristics,  and  atomic  oxygen  degradation. 
However,  before  these  materials  are  considered  for  passive 
damping  applications  in  large  space  structures,  further 
detailed  investigations  are  a  necessity,  i.e.,  more  sophis¬ 
ticated  atomic  oxygen  degradation  studies  are  required. 
High  level  simulation  (Lockheed)  or  actual  LEO  exposure 
(NASA  Space  Shuttle  experiments)  would  determine  the  stabil¬ 
ity  of  the  siloxane-ester  block  copolymers  to  the  combined 
effects  of  atomic  oxygen,  ultraviolet  radiation,  and  vacuum. 

Although  XPS  was  a  useful  analytical  technique  in  the 
degradation  studies,  secondary  ion  mass  spectroscopy  (SIMS) 


would  provide  complementary  and  perhaps  more  conclusive  evi¬ 
dence  of  the  surface  changes  that  occur  upon  exposure  to 
atomic  oxygen. 


i 


ft 


Appendix  A 
SAMPLE  CALCULATIONS 

Functional  Siloxane  Oligomers 
The  number- average  molecular  weight,  fin,  and  the  compo¬ 
sition  of  the  functional  siloxane  oligomers  were  controlled 
by  varying  the  ratio  of  the  cyclic  monomers  to  each  other 
and  the  difunctional  end-blockers.  Sample  calculations  are 
shown  below  for  (1)  a  silyl amine- terminated  polydimethylsi- 
loxane  oligomer  and  (2)  an  aminopropyl-terminated  poly (di- 
methyl-diphenyl  ) siloxane  co-oligomer. 

(1)  Si lylamine- terminated  polydimethyl siloxane  oligomer. 

fin  (Olig)  =  desired  oligomer  fin 
fin  (EB)  =  end-blocker  fin 
Mn  (Si)  =  siloxane  backbone  fin 
a  fin  (Olig)  -  fin  (EB) 

grams  grams  end-blocker 

cyclic  needed  =  Mn  (Si)  x  - 

fin  (EB) 

For  example: 

fin  (Olig)  =  5,000g/mole 

fin  (EB)  =  690g/mole  (silylamine) 

Mn  (Si)  =  5,000  -  690  =  4,310g/mole 
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WWW, 
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If  one  chooses  to  start  with  6.00g  of  the  silylamine 
end-blockers,  then 

9ra"5  D4  6.00, 

cyclic  needed  =  4,310g/mole  x  -  =  37.48g 

690g/raole 

(2)  Aminopropyl-terminated  poly ( dimethyl-diphenyl )siloxane 

co-oligomer. 


fin  (Olig)  =  desired  oligomer  Mn 

fin  (EB)  =  end-blocker  fin 

Wt  %  0  =  desired  weight  %  phenyl 


fin  (0)  =  dl phenyl si loxane  Mn 

*  fin  (Olig)  x  Wt  %  0 
Rn  (CH3)  =  dimethyl si loxane  fin 

=  Mn  (Olig)  -  fin  (EB)  -  Mn  (0) 


grams 

cyclic  needed  =  fin  (CH3)  x 


grams  end-blocker 


Mn  (EB) 


grams  D^" 

cyclic  needed  =  Mn  (0)  x 


grams  end-blocker 


Mn  (EB) 


•  I*.  V.  V  '4* 


For  example: 


Rn  (Olig)  =  5,000g/mole 

Rn  (EB)  =  248.5g/mole  ( aminopropyl ) 

Wt  %  0  =0.50 

Rn  (0)  =  5,000  x  0.50  =  2,500g/mole 

Mn  (CH3)  =  5,000  -  248.5  -  2,500  =  2 , 251 . 5g/mole 


If  one  chooses  to  start  with  6.00g  of  the  (amino¬ 
propyl  )di si loxane  end-blocker,  then 


grams 

cyclic  needed  =  2,251.5g/mole  x 


6 .  OOg 


248. 5g/mole 


54. 36g 


grams  D^" 

cyclic  needed  =  2,500g/mole  x 


6.  OOg 


248. 5g/mole 


60 . 36g 


The  siloxane  oligomers  in  this  work  were  prepared  by  an 
equilibrium  process.  At  equilibrium,  approximately  10  to 
15%  cyclics  are  present.  This  would  give  a  lower  molecular 
weight  than  desired.  Therefore,  it  is  necessary  to  add  an 
additional  10  to  15%  of  the  cyclic  starting  materials  along 
with  the  initial  charge  of  reactants  in  order  to  obtain  the 
targeted  molecular  weight. 


Appendix  B 
SAMPLE  CALCULATIONS 


Hydroxyl  Terminated  Polyarylester  Oligomers 
In  order  to  properly  control  the  molecular  weight  and 
functionality  of  an  oligomer,  one  must  precisely  adjust  the 
stoichiometric  imbalance  of  the  bifunctional  monomers.  The 
calculations  used  to  correctly  determine  the  stoichiometric 
imbalance  for  the  hydroxyl  terminated  polyarylester  oligo¬ 
mers  are  presented  below. 

Si  (Olig)  =  desired  oligomer  Mn 

Mn  (RU)  =  oligomer  repeat  unit  molecular  weight 

DP  =  degree  of  polymerization 

r  =  stoichiometric  imbalance  ratio 

For  the  polymerization  of  two  bifunctional  monomers, 

Mn  (Olig)  DP-1 

DP  =  2  x  -  and  r  =  - 

Mn  (RU)  DP+1 

Note  that  the  value  of  r  is  always  less  than  one. 

For  example: 

Mn  (Olig)  =  5,000g/mole 
Mn  (RU)  =  358g/mole 


5, OOOg/mole 


DP  =  2  x  -  =  27.9330 

358g/mole 

DP-1  27.9330-1 

r  =  -  =  -  =  0.9309 

DP+1  27.9330+1 

For  hydroxyl  termination,  an  excess  of  bisphenol-A  is 
needed.  Therefore,  if  one  chooses  to  start  with  30g  (0.1316 
mole)  of  bisphenol-A,  then 

r  x  0.1316  mole  bis-A  =  0.1225  mole  acid  chloride 

(0.1225  mole  acid  chloride) (203 g/mole)  »  24.8648g  acid 

chloride 

24.864g/2  =  12.4324g  of  each  acid  chloride,  terephthaloyl 
and  isophthaloyl  chloride 


A  10  mole  percent  of  the  acid  acceptor,  triethylamine  (MW  = 
lOlg/mole;  density  =  0.726g/ml),  was  used: 

2(0.1316  mole ) ( 101 g/mole ) ( lml/0 . 726g) ( 1 . 1  excess)  =  40.28ml 


Appendix  C 
SAMPLE  CALCULATIONS 

Segmented  Polyarylester-Polysiloxane  Block  Copolymers 
The  segmented  (or  "random")  polyarylester-polysiloxane 
block  copolymers  were  synthesized  interf acially .  In  this 

type  of  synthetic  procedure  only  the  siloxane  blocks  are 
prepared  prior  to  copolymerization;  the  polyarylester  blocks 
are  formed  during  the  copolymerization  reaction.  Siloxane 
incorporation  involves  reaction  of  the  aminopropyl  termi¬ 
nated  siloxane  oligomer  with  an  acid  chloride  to  produce  an 
amide  bond.  Polyester  formation  is  accomplished  by  reaction 
of  bisphenoi-A  with  an  acid  chloride.  The  calculations  for 
preparation  of  a  high  molecular  weight  segmented  polyaryles¬ 
ter-polysiloxane  block  copolymer  are  shown  below. 

Define:  Theoretical  yield  =  40.00g 

Wt.  %  siloxane  =  20 

Grams  of  siloxane  =  (40g)(0.20)  =  8.00g 
Grams  of  bisphenol-A  and  acid  chloride  = 

(40g  -  Bg)  =  32g 

Consider  reaction  1  of  siloxane  incorporation: 

If  the  oligomer  Mn  =  4,100g/mole,  then 

moles  of  siloxane  =  (8g)/(4, lOOg/mole)  =  0.0020  mole 
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grams  of  acid  chloride  =  (0.0020) (203g/mole) 

=  0 . 3961g 

Consider  reaction  2  of  polyester  formation: 

Grams  remaining  for  synthesis  of 
polyester  =  (32g  -  0.3961g)  =  31.6039g 

To  achieve  high  molecular  weight  polymer,  1:1  stoichiometry 
of  the  monomers  is  necessary.  Therefore,  an  equal  number  of 
moles  are  needed  for  bisphenol-A  and  the  acid  chlorides.  In 
the  equation  below,  molecular  weight  contributions  to  the 
polyary lester  repeat  unit  molecular  weight  (358g/mole)  are 
given  by  226g/mole  and  132g/mole  for  bisphenol-A  and  the 
acid  chlorides,  respectively. 

[  (X  moles) (226g/mole  bis-A) )  +  ((X  moles )( 132g/mole  acid 

chloride)]  =  31.6039g 

Solving  for  X,  0.0883  moles  of  bisphenol-A  and  the  acid 
chlorides  are  needed.  The  grams  of  each  are  calculated 
below: 

(0.0883  mole) (228g/mole  bis-A)  =  20.1324g  bis-A 

(0.0883  mole) (203g/mole  acid  chloride)  =  17.9249g  acid 

chloride 

The  total  number  of  grams  of  acid  chloride  needed  for  the 
copolymerization  reaction  is  (17.9249g  +  0.3961g)  = 


18.3210g.  For  a  50:50  mixture  of  terephthaloyl  and  iso- 


phthaloyl  chlorides,  (18.3210g/2)  =  9.1605g  of  each  is 

needed. 

The  amount  of  NaOH  necessary  to  convert  the  bisphenol  to  its 
more  reactive  bisphenate  is  simply  (2  x  moles  bisphenol-A). 

In  summary,  the  materials  needed  to  produce  a  high  molecular 
weight  segmented  block  copolymer  containing  20  weight  per¬ 
cent  siloxane  are  listed  below: 

20.1324g  (0.0883  mole)  bisphenol-A 
8 . OOOOg  (0.0020  mole)  siloxane  oligomer  (4, lOOg/mole) 

9 . 1605g  (0.0451  mole)  terephthaloyl  chloride 
9.1605g  (0.0451  mole)  isophthaloyl  chloride 
45.75ml  (0.1766  mole)  NaOH  (3.86N  aqueous  solution) 

Note,  the  moles  of  siloxane  and  bisphenol-A  equal  the  total 
number  of  moles  of  acid  chlorides. 

Theoretical  Yield: 

(133/203  x  18.3210g  acid  chlorides)  +  (8g  siloxanes)  + 
(20.1324g  bisphenol-A)  =  40.14g 

Percent  siloxane  =  (8g  siloxane )/( 40 . 14g  total) 

=  19.93  =  20  Wt.  % 


Appendix  D 

29Si  NMR  MICROSTRUCTURE  PARAMETERS 


1.  Define:  P  =  Probability 

F  =  Triad  signal  intensity 

i  =  Number  average  sequence  length 

A  =  Dimethyl  siloxane  unit  (6  hydrogens/unit) 

B  =  Diphenyl  siloxane  unit  (10  hydrogens/unit) 


P(AAA) 

F (AAA)  =  -  =  [  1-P(B/A)  ]2 

P(A) 


Solving  for  P(B/A): 

P ( B/A)  =  1  -  ( fAAA)1/ 2 


1  1 
rA  =  = 

p  ( B/A )  ^(^aaa)172 

1 

By  similar  derivation,  Z_  =  - 
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2.  Define:  A^  =  Mole  fraction  of  dimethyl  siloxane  units 
Bm  =  Mole  fraction  of  diphenyl  siloxane  units 
H  =  Number  of  hydrogens/si loxane  unit 


FAAA  +  FBAA  +  FBAB  =  FA  <total  dimethyl  signal  intensities) 
FBBB  +  FBBA  ‘t‘  FABA  =  FB  (total  diphenyl  signal  intensities) 


B 


6  H's 


=  A 


10  H's 


=  B 


Let  C  =  A  *  B,  then 


A 

C 


A  »  —  and  B„ 

m  n 


B 

C 


3.  Define:  x  ~  a  measure  of  departure  from  random  statistics. 


X  =  P( A/B)  ♦  P ( B/A ) 


‘  11-<W1/2'  *  ll-'FAAA»1/21 

■  2-'fbbb'1/2  -  'faaa»V2 


Note:  See  reference  [166]  for  details. 
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